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“O Captain! 
My Captain!” 


When the fearful trip is done, and the ship has 


weathered every wrack, it's a tribute to sound naval [He 
engineering. 

Although naval engineering is surely one of the Ries g ; 
oldest professions, it has remarkable vitality—as / / 


evidenced by its constant efforts to develop new 


and better design ideas. One example is the grow- 
ing interest in USS “T-1" Constructional Alloy 


Steel for kingposts, hull and deck plate, shear and 
deck strakes for crack arresters, ice-breaking hard- 
ware, booms, and cranes. Because USS “T-1" 
Steel has: 
1. A minimum yield strength of 100,000 psi. 
2. Ready weldability. 
3. Exceptional toughness, even at sub-zero 
temperatures. 
4. Outstanding resistance to the combination 
of impact abuse and abrasion. 

USS "T-1" Steel can be welded, gas-cut, cold- 
formed, bent, sheared, blanked, punched and mae 
chined... all this with the advantage of prompt avail- 
ability. Our USS “T-1" specialists will be glad to 
help you with design problems. Just call any 


United States Steel office. 
USS and “T-1" are registered trademarks 


United States Stee! Corporation — Pittsburgh 

4 Columbia-Geneva Steel - San Francisco 

; Tennessee Coal & Iron — Fairfield, Alabama 
United States Steel Supply — Steel Service Centers 
United States Steel Export Company 


| United States Steel 


Get a free reproduction, suitable for framing, of this highly original Marie Tuiccillo Kelly draw- 
“g by writing United States Steel, Room 2801, 525 William Penn Place, Pittsburgh 30, Pa. 
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ADVERTISEMENTS 


Cupro Nickel Alloys for severe corrosive and mechanical conditions 


Cupro nickel alloy heat exchanger 
tubes serve satisfactorily when condi- 
tions require greater strength and cor- 
rosion-resistance than are possessed by 
the brass alloys. 

Copper-nickel alloys were originally 
developed for use on U. S. Naval ves- 
sels to provide tubes which would give 
long and reliable service under extreme 
battle conditions. Research by The 
American Brass Company, begun in 
the last century, resulted in the manu- 
facture of cupro nickel tubes for the 
Navy’s ships in the Spanish-American 
War and in World Wars I and II. 
Cupro Nickel, 30%-702 is the most 
widely used of the copper-nickel alloys. 
It is the most corrosion-resistant and 
durable of the copper-base alloys for 
condenser and heat exchanger tubes 
in sea water service, being highly re- 
sistant to clean and polluted sea waters. 
It has the property of forming protec- 
tive films of corrosion products, mak- 
ing it particularly desirable for service 
where water velocities are high. It is 


highly satisfactory for tubes in evapo- 
rators, inter-after condensers, air ejec- 
tors of steam condensers and in boiler 
feed-water heaters. This alloy is par- 
ticularly desirable where high temper- 
atures are encountered. 

In high-pressure, high-temperature 

steam stations, Cupro Nickel, 30%-702 
tubes are used in feed-water heaters 
regardless of the type of tube used in 
the main condensers. The high allow- 
able design stress for this alloy quali- 
fies it for this service. 
Cupro Nickel, 10%-755. This alloy was 
developed by The American Brass 
Company to conserve nickel and to 
provide a lower cost copper-nickel al- 
loy to meet requirements not suffi- 
ciently severe to call for the higher 
nickel-content alloys. 

Cupro Nickel, 10%-755 has proved 
an excellent alloy for salt water use. 
It is resistant to corrosion by both 
clean and polluted sea waters at rela- 
tively high velocity of flow. It has given 
a good account of itself in stationary 


steam plants on tidewater, and in con- 
densers and similar uses aboard ship. 
Cupro Nickel, 20%-712. This interme- 
diate alloy serves adequately and eco- 
nomically where operating tempera- 
tures and pressures are too severe for 
Cupro Nickel, 10%-755 and where the 
properties of Cupro Nickel, 30%-702 
would not be required. 

Technical Service. The Technical De- 
partment of The American Brass Com- 
pany will be glad to study any heat- 
exchange problem you may have and 
help you select the tube alloy which 
will most adequately meet the condi- 
tions you face. Write: The American 
Brass Company, Waterbury 20, Conn. 
In Canada: Anaconda American Brass 
Ltd., New Toronto, Ont. 58808 


ANACONDA’ 


Tubes and Plates for 
Condensers and Heat Exchangers 
Made by 
The American Brass Company 


Dependable, compact, efficient...Terry marine turbines are 
specially designed for driving generators, boiler-feed pumps, 


fuel-oil pumps, compressors, etc., aboard ship. They are the 
result of over fifty years of experience in designing equipment 


for commercial an 


naval vessels. 


Turbines ranging from 5 to 3000 hp are built in the Ter 
solid-wheel design as well as in axial-flow, single-stage an 


multi-stage types. 
Complete 
gladly furnished. 


etails of turbines for any application will be 


THE TERRY STEAM TURBINE CO. 
TERRY SQUARE, HARTFORD 1, CONN. 


TT-1211 


of casing removed. F 
upper half of casing removed —— 
, il A.S.N.E. Journal, August 1958 


Bethlehem-Built Polar Tankers 
Solve Arctic Supply Problems 


The USNS Alatna T-AOG 81 and USNS Chattahoochee T-AOG Major Characteristics 

82, built by Bethlehem’s Staten Island Yard for the Military Sea Length Overall: 302 ft Beam: 61 ft 
Transportation Service, speed the movement of aviation fuels and Draft: 19 ft 

other vital supplies to U. S. military bases in the Arctic wastes. Deadweight: 3200 tons 
Besides having belts of high-tensile steel to guard against damage Two 16-cylinder Diesels Twin Screw 
from ice, they are “‘arcticized’’ for operations in freezing tempera- Complement: 11 Officers, 30 Crew 


tures and high winds. Bow contours are of ice-breaker type, and 
their forms permit them to ride up on and break through sheet ice. 


SHIP REPAIR YARDS 
Boston Harbor New York Harbor 
Baltimore Harbor Beaumont, Texas 
Los Angeles Harbor San Francisco Harbor 


SHIPBUILDING YARDS 

Quincy, Mass. Staten Island, N. Y. 

Sparrows Point, Md. Beaumont, Texas 
San Francisco, Calif. 


BETHLEHEM STEEL 
Shipbuilding Division 


GENERAL OFFICES: 25 BROADWAY, NEW YORK 4, N. Y. 


On the Pacific Coast shipbuilding and ship repairing are performed by 
the Shipbuilding Division of Bethlehem Pacific Coast Steel Corporation 
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Built as a bulk cargo carrier in 1903, M/V LAKEWOOD was converted to a sand barge in 1928. 
Owned by the Presque Isie Transportation Co. and operated by the Erie Sand Steamship Co. 


M/V LAKEWOOD converted from steam to 
CLEVELAND DIESEL POWER 


on the dredge pump and a 1,600-s.h.p. Cleveland 
Diesel, direct-connected to a Wichita clutch for 
main propulsion. This clutch has a unique “slip” 
feature which enables the vessel to hover over 


Veteran of more than 50 years on the Great Lakes, 
the 377-foot M/V LAKEWOOD fills her holds with 
4,000 cubic yards of sand in 8 to 8% hours—and 
makes runs to Lake Erie ports at 12 miles an 


hour. Sand is dredged from a maximum depth of 
65 feet and at a distance of 20 miles from shore. 


Completely converted from steam to Diesel power 
at the yard of Erie Sand Steamship Company, 
Erie, Pa., she has an 800-h.p. Cleveland Diesel 


sand beds while maintaining only steerage way. 


On the lakes—on the rivers—and in busy ocean 
harbors, Cleveland Diesel power is the choice of 
operators who demand top efficiency and lowest 
costs. 


A GOOD PRODUCT PLUS GOOD SERVICE GIVES TOP PERFORMANCE 


CLEVELAND DIESEL 


Engine Division of General Motors + Cleveland 11, Ohio = 


SALES AND SERVICE OFFICES: 


Houston, Texas New York, N.Y. 


Chicago, Ill. 


New Orileans,Lla. Pittsburgh, Pa. 
A.S.N.E. Journal, August 1958 


Portiand, Ore. 
St. Louis, Mo. 


San Diego, Calif. Seattie, Wash. 


San Francisco, Calif. Wilmington, Calif. 
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ADVERTISEMENTS 


B & W Single-Pass Header Type Marine Boilers for 
the “‘Sunrhea” are complete with superheaters, de- 
superheaters, air heaters, water-coo walls, and 
oil burners. They supply over 35,000 lb of steam per 
boiler per hour to the 8,000 SHP main propulsion 
system and two 350 kw turbo-generators. Desuper- 
heated steam will supply the main feed pumps and 
miscellaneous heating services. Boiler efficiency will 
be 87.7% when supplying the steam at 460 psi and 
760 F total temperature. 


NEW BULK CARGO VESSEL 
SPECIFIES B& W MODERN SINGLE PASS HEADER BOILERS 


Incorporating the Latest Design Features 
for Compactness, Accessibility and Service 


A new 16,000 ton deadweight cargo vessel, the “SUNRHEA” now 
being completed by Davie Shipbuilding Ltd. in Lauzon for Spruce 
Shipping Ltd., exemplifies the newest design trends in bulk carrier 
construction. For example, the propelling machinery and all accom- 
modations are located aft. Aluminum has been used in the super- 
structure, upper deck hatch covers, funnel, after mast and certain 
outfit items. Another modern feature of the vessel is the twin hatchways 
on both decks in which hinged panels below the upper deck are 
arranged to form feeders to the cargo holds when carrying alumina or 
grain in bulk. The upper deck hatch covers are of the McGregor type, 
of single pull design, handled by three special cargo hatch opening 
winches operated by electricity. 

The main hull of the vessel is of steel welded construction, longi- 
tudinally framed on the decks and in the double bottom, construction 
being to the highest class of Lloyd’s Register of Shipping. When com- 
pleted later this year, she will enter service under charter on a long 
term basis to Saguenay Shipping Ltd., the shipping arm of Aluminium 
Ltd. 

Consistent with this modern trend, the latest design of Babcock & 
Wilcox single-pass header-type marine boilers were selected for the 
steam generating equipment. These boilers combine the features of 
high efficiency, compactness, and light weight with the maintenance 
advantages of maximum accessibility. In addition, a double boiler 
casing insures minimum heat loss and a cooler fireroom. This all spells 
less maintenance time and faster turn around for the rigid schedules 
of the service for which this ship is designed. M-392 


THE BABCOCK & WILCOX 
COMPANY, 
161 East 42nd Street, 
New York 17, N. Y. 


BOILER 
DIVISION 
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the largest 


Pune 


CLARET 


ALL TYPES OF STEAM GENERATING, FUEL BURNING AND RELATED EQUIPMENT; NUCLEAR REACTORS; PAPER MILL EQUIPMENT; PULVERIZERS; FLASH DRYING SYSTEMS; PRESSURE VESSELS; SOIL PIPE 


S.S. Angelo Petri was built by Bethlehem’s San Francisco yard. 


The S.S. Angelo Petri, America’s first wine tanker, is certainly a most 
unusual ship. Representing a pioneering venture on the part of United 
Vintners, Inc.,.the vessel is unique in several respects. Because she was 
designed to transport a cargo so dependent upon high standards of purity 
and flavor, her main cargo tanks and all connecting piping and valves are of 
stainless and stainless clad steel—1,800,000 pounds of it in the tanks alone. 

The ship has an unusual past. The entire after section was originally 
that of a T-2 tanker which broke in two in a storm. The machinery section 
was salvaged and towed to Anchorage, Alaska, where it provided electric 
power to the city for some years. Now, provided with entirely new bow 
and cargo sections, this extraordinary ship is back at sea. And the same C-E 
boilers that powered her, first as a World War II tanker and then as a float- 
ing power station, are doing the same reliable job for the S.S. Angelo Petri. 


wine tanker 


COMBUSTION ENGINEERING ay 


Combustion Engineering Building 
200 Madison Avenue, New York 16, N. Y. 
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One Of the U.S. Government's exhibits 
at the Brussels World’s Fair is the model of the first nuclear 


The De Laval Steam Turbine Company is proud to play 
an important part in the design and construction of this 
22,000 shaft horsepower vessel, the keel of which was 
laid on May 22, 1958, Maritime Day, at the New York 
Shipbuilding Corp. in Camden, New Jersey. 

Under the joint sponsorship of the Atomic Energy 
Commission and the U. S. Maritime Administration, 
major contributions to the design and construction of 
the vessel and its machinery are being made by: 


e@ George G. Sharp, Inc., naval architects, designers. 


of the vessel 
e@ Babcock & Wilcox Company, designers and build- 


ship, the N/S SAVAN NAH, shown above. 


ers of the pressurized water reactor and its accessories 


e@ New York Shipbuilding Corp., Camden, N. J., 
builders of the vessel 

@ De Laval Steam Turbine Company, designers and 
builders of the main propulsion machinery, other 
engine room auxiliaries; coordinators of all engine 
room equipment. 

We are particularly happy to serve in connection with 
this project of international importance. De Laval has 
often performed other important services as complete 
engineering coordinators, and is fully prepared to un- 
dertake similar assignments. 


Steam Turbine Company 


Nottingham Way, Trenton 2, New Jersey 
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Nine of the eighteen destroyers of the 
FORREST SHERMAN Class were ordered from 
Bath. The final three are HULL, EDSON and 
SOMERS (DD945-7). 


These nine ships have a combined rated 
output of over 630, OOO S.H.P. — four times 
the power of the QUEEN ELIZABETH. 
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NAVTAC: “Pipeline” to a happy landing 


The uniqueness of the new NAVTAC en route navigation 
and instrument landing system by Stromberg-Carlson is in 
its combination of functional modules. 

The NAVTAC equipment is an assembly designed to pro- 
vide high-performance aircraft with the TACAN naviga- 
tional aid, plus marker beacon receiver, glide slope and 
runway localizer for instrument landing situations. 

The entire system is packaged in a compact unit only 5” 
high, 1014” wide, 22” deep, and weighing only 47.5 Ibs. In- 
dividual modules can be separated up to distances of several 
feet without any adverse effect on performance. 

The equipment is designed to meet the rigorous environ- 


ment of the high-performance aircraft of today and tomor- 
row. Its operating ambient temperature range is —60 to 
+125 degrees C. at altitudes up to 70,000 feet. Widespread 
use of semiconductors in the ILS receivers and TACAN cir- 
cuitry means high reliability, small size and low power con- 
sumption. 

Included in the design is the capability of performing 
complete preflight confidence tests with the use of a small 
auxiliary test set. 

Complete technical details on the NAVTAC system are 
available on request. 

There is nothing finer than a Stromberg-Carlson® 


STROMBERG-CARLSON 


A DIVISION OF GENERAL DYNAMICS CORPORATION 


1462 N. GOODMAN STREET 


¢ ROCHESTER 3, N. Y. 


Electronic and communication products for home, industry and defense 
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IN MARINE RESEARCH 


E 


Westinghouse uses this full-scale, first-reduction, 
Advanced locked-train propulsion gear to improve gear design. 
On it, tests which cannot be made on installed units 
are performed to determine actual durability of 
G parts and to produce faster, greater, more significant 
ear improvements in gear design. 
To build better marine reduction gears, Westing- 
D M4 house makes every imaginable test, including: effect 
esig hs of load and speed on gear wear and noise; effect of 
rapid speed changes; modulus of elasticity of possi- 


ble new gear metals; effect of manufacturing toler- 


F rom Westinghouse ances and operational wear. At gear roots, strains 
are checked electronically to yield data for stress 
Resea rch calculations in gear design and for the best arrange- 

ment and type of gear and bearing lubrication. 


All this testing enables Westinghouse to design 
and manufacture quieter, more efficient and more 
reliable gears for the marine industry. This is only 
one example of the kind of research constantly in 
progress at Westinghouse, where better, longer last- 
ing marine propulsion and auxiliary equipment is 
being designed and built. 

Take advantage of the results of this research, 
which are apparent in low-maintenance marine 
equipment. Contact your Westinghouse sales engi- 
neer, or write: Westinghouse Electric Corporation, 
3 Gateway Center, P. O. Box 868, Pittsburgh 30, Pa. 


J-92013-A 


You CAN BE SURE...IF ITS Westinghouse 


LOCKED-TRAIN GEAR TEST of full-scale, first-reduc- 
tion gear trains, the size installed on aircraft carriers. Speed 
and torque can be changed at will. Misalignment can be 
investigated with respect to tooth loading and bearing wear. 


} 
| 


Can you name all 4 Wheeler-equipped ships? 


See if you can identify these ships, 
all of which have 
C. H. Wheeler Tubejet® Air Ejectors aboard 


NuMBER 1 is the U.S:S. Forrestal. She and all other new 
supercarriers are Wheeler-equipped. The Forrestal has 
C. H. Wheeler Main and Auxiliary Air Ejectors, Warp- 
ing Winches, Docking and Mooring Capstans, Ordnance 
Elevators and Anchor Windlasses. 

NUMBER 2 is the world’s first supertanker, the 80,000- 
ton Universe Leader. She has several C.H. Wheeler 
Main and Auxiliary Air Ejectors. 


Marine Division 


NuMBER 3 is one of the most modern bulk-cargo 
vessels in operation on the Great Lakes, the Detroit 
Edison. She has 2 of C.H. Wheeler’s compact, light- 
weight Twin Two-Stage Air Ejectors aboard. 


NuMBER 4 is the most powerful single-screw ship 
ever built, the Esso Gettysburg. Included in her equip- 
ment are dependable, efficient C.H. Wheeler Main and 
Auxiliary Air Ejectors. 


Whether you’re an expert or not at identifying ships, 
you can easily be one at identifying ship equipment, 
because nearly every new large vessel afloat is equipped 
with C.H. Wheeler Tubejet Air Ejectors! 


79TH & LEHIGH AVENUE 
PHILADELPHIA 32, PA. 


Marine Condensers, Ejectors, Pumps & Auxiliary Machinery - Steam Condensers - Vacuum Equipment - Centrifugal, Axial & Mixed Flow Pumps + Nuclear Products 
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Builder 
of the 
nation’s 
largest 
ships 


In the foreground is the mighty 
1036-foot aircraft carrier Forrestal. 
Beyond is the Blue Ribbon winner, 
the 990-foot liner United States. 
Warship, luxury passenger liner or 
whatever the type ... Newport 
News has the skill and facilities 
to build it. 


There is complete equipment 
within the 225-acre plant for the 
execution of all types of 
shipbuilding, ship repair and 
conversion work. Extensive 
facilities for rapid hull or engine 
repairs are supplemented by the 
) shipyard’s own fully equipped 
shops for foundry, forging, 
electrical, sheet metal or joiner 
work, 


% 


Desirable positions available in . 

this commercial shipyard. Repre- ew ort ews 
sentatives at Placement Office an- 

nually. Arrange a personal inter- 


Shipbuilding and Dry Dock Company 


Newport News, Virginia 
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Mor p OWL with Fairbanks-Morse 
TURBOCHARGED OPPOSED-PISTON DIESEL 


Bonus Power 


New Efficiency...New Power...New Fuel Savings 
For Marine and Stationary Applications 


The industry’s most compact, simple, and dependable diesel—the 
Fairbanks-Morse Opposed Piston—is now turbo-supercharged! Fuel sav- 
ings from 5% to 10% are effected on full-load operations—even more 
on part loads. And 50% more power has been added. At 900 rpm, for 
example, it is conservatively rated at 300 hp per cylinder. Yet it occupies 
vitually the same space as the canamenecaiid version...weighs only 


Ys LOAD FULL LOAD 


Auxiliary blower is automatically declutched 
at loads above approximately 1/3 rating to 
deliver more usable power at the flywheel. 


exhaust pulses with no pressure cancellations. Engine-driven auxiliary 
blower provides scavenging air up to 14 load—declutches above this 
figure to make additional power available at flywheel. For full informa- 
tion write Fairbanks, Morse & Co., 600 S. Michigan Ave., Chicago 5, III. 


Turbo-charged Fairbanks-Morse Model 
38TD-8 1/8 Opposed Piston Diesel is 
approaching a new high of 40% efficiency. 


_ mes «8 89 about 8% more. Look at the advantages in this usually low size and 

; weight per horsepower. 
Increased Thermal Efficiency : Stationary installations—save on foundation and building costs. 

4 : Commercial marine use—more power, speed, fuel and cargo capacity. 
: Portable operations—save with most compact power available today. 

42 : Greater power is available at higher altitudes because the engine is less 
: sensitive to atmospheric pressure. Oil and water cooling requirements 

38 : show almost no increase at the higher output. It’s all possible with 
: careful matching of system and engine. Divided manifolds permit use of 


DIESEL AND DUAL FUEL ENGINES 
DIESEL LOCOMOTiVvEs . RAIL CARS 
ELECTRICAL MACHINERY . PUMPS 
SCALES . HOME WATER SERVICE 
EQUIPMENT . MAGNETOS 


FAIRBANKS-MORSE 


a name worth remembering when you want the BEST 
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ADVERTISEMENTS 


GIBBS & COX, INC. 


NAVAL ARCHITECTS 
AND 


MARINE ENGINEERS 


NEW YORK 


A Leader in 
Electronics 


MORE THAN 32 YEARS BLUDWORTH 
MARINE has designed and precision-built 
electronic equipment and navigational aids 
for the Maritime Administration and for 
installation on naval vessels, passenger 
liners, cargo ships and tankers throughout 
the world. 


RADIO DIRECTION FINDERS 

RADAR ECHO DEPTH SOUNDERS 

RADIO TELEPHONES 

UNDERWATER TELEVISION CAMERAS y 
“POWER DIVER”’ 


BLUDWORTH MARINE 


Division of Kearrott Company, INc. 
1500 Main Avenue, Clifton, N. J. 


A SUBSIDIARY OF 
GENERAL PRECISION EQUIPMENT CORPORATION 


IM -MANV! 


Materials for 


MARINE SERVICE 


Incombustible Joiner Materials Acoustical Materials 
stos Ebony for Switch ‘and Panel Boards - ‘Structural Insulations 


ngine Room Insulations + - * Gaskets 


NAVAL ARCHITECTS 
MARINE ENGINEERS 


M. ROSENBLATT & SON 


350 BROADWAY, NEW YORK 13, N.Y. 
BEEKMAN 3-7430 


THE NAVY’S CHOICE FOR 40 YEARS 


Kingsbury Machine Works, Inc. — Frankford, Philadelphia 24, Pa. 
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"STABILIZING EFFECT 


Smooth trips! Low maintenance! That was the word that went to designers of 
Moore-McCormack’s upcoming fleet. So the ships are stabilized. Inco Nickel 
Alloys are used in critical locations — such as the stabilizer tail flap shaft. 


New Moore-McCormack ships 
will be stabilized by Denny-Brown unit 


On two counts, the Denny-Brown ship stabilizer is 
one of the most successful devices yet developed for 
reducing ship roll in a heavy sea. 


Successful functionally 


The graph above is an actual record of roll reduc- 
tion effected by a Denny-Brown stabilizer. The 
stabilizing effect is produced by two fins—or hydro- 
foils—that tilt about their long axes to counteract 
wave motion. The tail flaps increase the fins’ effec- 


Starboard fin of Denny-Brown ship stabi- 
lizer. Part of actuating mechanism at left. 


tiveness. Shafts joining the flaps to main fins un- 
dergo severe torque and abrasion ... are lubricated 
only by sea water. For this reason, Denny-Brown 
makes them of hard, tough “K” Monel* age-hard- 
enable nickel-copper alloy. “K” Monel alloy gives 
them resistance to corrosion and wear plus the high 
strength this critical application demands. 


Successful maintenance-wise 


Here and abroad 181 ships have been equipped 
with Denny-Brown Ship Stabilizers. Not a single 
one has ever had a fin flap shaft failure. 

In the new Moore-McCormack ships, ““K” Monel 
fin flap shafts are standard equipment. 

If you have a shaft problem where corrosion 
resistance and high strength are needed, investi- 
gate “K” Monel. You can get complete information 
on this nickel alloy simply by writing us. 

*Registered trademark 


THE INTERNATIONAL NICKEL COMPANY, INC. 
67 Wall Street f : New York 5, N. Y. 


MONE L tHE SEAGOIN™ METAL 
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ADVERTISEMENTS 


CUTLESS BEARINGS 


Stern Tubes and Struts 


Soft rubber bearing surface—efficiently lubricated by water— this bearing far outlasts all hard surface types, protects 
propeller shafts, reduces vibration. More than pays for itself in extra wear alone. Saves you time, trouble, and upkeep 


Akron, Ohio 
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propeller 
an investment in modern ship propulsion that | ships 
pays these big dividends: | 


KaMeWa Propellers have long been 


at the touch of a single control lever located on rong. to 
the bridge. ©. Inc., a U. S. subst iary of the Johnson 
interests of Stockholm. 


ne Speed Control — ; | Due to the success of this Propeller, and 
full speed ahead, dead slow, quick stop, reverse; the conseque nt increasing demand 

any speed constantly maintained. | KaMeWa anit engineering an d 
Maximum Pow Effe ctiveness | manufacturing resources have been 
combined in a newly formed corporation, 
full rated horsepower under all loads and condi- | Bird-Johnson Company. This means 
tions; most economical rPm at service speed. greatly increased effectiveness and ability 


Easy Sta rts — Easy on the Engine | to serve the marine industry. 
No engine load. No reversing strain. Starting air | More than 300 KaMeWa Propellers are 
no problem. now on active duty. Standard sizes are 
| available from 500 to 20,000 shaft 
A Sate and Profitable Investment — horsepower, with 3, 4 or 5 blades, 
individual propeller blades readily replaceable \ for diesel or turbine driven vessels. 
Damage to the blades does not harm the pitch 
changing mechanism | For complete information on 
KaMeWa Propeller advantages and 
| applications get in touch with: 


COM 


SOUTH WA 
New York S LPOLE, MASSACH 
KAMEW. abr . gby 4-8212 
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Captain J. E. Hamitton, USN (Ret.), Secretary-Treasurer 


SECRETARY’S NOTES 


U.S.N., to the Council. 

Captain R. D. Schmidtman, U.S.C.G., was de- 
tached from Coast Guard Headquarters to Com- 
mand the icebreaker Eastwind. The Council ap- 
pointed Rear Admiral E. H. Thiele, U.S.C.G., to 
fill the vacancy resulting from Captain Schmidt- 
man’s resignation. 

Captain Louis H. Roddis, U.S.N.R., who has 


Council Changes 
Since publication of the last issue of the JouRNAL, 
we have experienced a more than 25 per cent 
change in the membership of The Council. At a 
meeting of the Council on 10 July 1958, losses were 
considered and action was taken as follows: 
Incident to transfer from the Bureau of Ships 
to the Puget Sound Naval Shipyard as Command- 


er, Rear Admiral P. W. Snyder, U.S.N., resigned 
from the Council. The Council moved Captain 
Jamie Adair, U.S.N., whose term expired on 31 
December 1958 to fill Admiral Snyder’s vacancy 
which expires on 31 December 1959. 

The vacancy created by this action was filled by 
the appointment of Captain James A. Brown, 


been in Washington with the Atomic Energy 
Commission has resigned from that position to 
become President of The Pennsylvania Electric 
Co. of Johnstone, Pa. Since this removes him from 
Washington, he resigned from the Council and 
Lieutenant Commander Donald E. Redmon, 
U.S.N.R., was appointed to fill this vacancy. 
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The resultant composition of the Council is as 
shown in the masthead above. 


Other Council Action 
Budget 


The Council considered and approved a revision 
of the 1958 A.S.N.E. budget which was presented by 
the Secretary-Treasurer. The revised budget was 
based on the actual experience of the first half of 
the year. The revision showed practically no change 
in the items of gross receipts and gross expenditures 
but many details were changed. The budget still is 
in line with the Council policy of reversing the 
process of eating into the Society’s net worth each 
year. 1958 will be the first year since 1954 that a net 
gain is expected for the year. 


The Admiral Brand Award 


This award was established by Mrs. Brand as a 
memorial to her late husband, our past President, 
Rear Admiral Charles L. Brand, U.S.N. It was set 
up to run for a limited number of years and would 
have expired in 1960. On motion adopted the Coun- 
cil decided that the Society would absorb the bal- 
ance remaining in the special fund and that begin- 
ning in 1959 the Charles L. Brand award would be 
one to be made each year in perpetuity by the 
Society. 


The Admiral Yarnell Gift 


The following letter with a check for $100.00 was 
received from our past President Rear Admiral 
H. E. Yarnell, U.S.N., Ret. 


March 14, 1958 
My dear Hamilton: 

I am writing to ask that my complimentary copy 
of the JOURNAL OF THE AMERICAN SOcIETY oF NAVAL 
ENGINEERS be discontinued with the February Num- 
ber. Due to age, I am reducing the number of mag- 
azines now received. 

I desire to express my thanks and appreciation to 
the Society for the many years during which I have 
received the splendid JourNnat which reflects the 
growth and efficiency of our Naval Engineers. It is 
a record of which all our engineering personnel may 
be jointly proud. May you have many years of con- 
tinued progress. 

I regret deeply that I will be unable to accept the 
invitation of the Society to be a guest at its Annual 
Banquet on May 2d. and extend my sincere thanks 
for the courtesy. 

As a slight return for the past courtesies of the 
Society, I am enclosing a check for such uses as the 
Society may desire. 


With kindest regards, 


Very sincerely, 
H. E. YARNELL 
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The letter was duly acknowledged but action on 
the check was held for discussion and decision by 
the Council. On motion adopted it was decided that 
the gift of Admiral Yarnell would be utilized in the 
purchase of the permanent dies which will be used 
each year for striking the medal to be presented to 
the recipient of the A.S.N.E. Award. These dies will 
be known as the Yarnell dies. 


Mr. Arthur G. Fessenden 


Before the next issue of the JOURNAL appears, our 
Administrative Assistant, Mr. Arthur G. Fessenden 
will have retired from active service. This will occur 
on his completion of 50 years of service to the Society, 
8 October 1958. 

All who have served as officers or members of 
the Council of the Society during the past 50 years 
are well aware of the great debt which the Society 
owes to a faithful servant. It may be something of 
an exaggeration to say that had it not been for Ar- 
thur Fessenden the Society might not now be. It is 
no exaggeration to say that without him it would 
not be as healthy as it is today. 

We do not wish to dwell on this subject because 
the prospect of this loss is very unpalatable to the 
Secretary-Treasurer. We will defer full considera- 
tion of this man’s great service until after 8 Octo- 
ber. The November issue will be early enough to 
finally record this occurence. 


The A.S.N.E. Award 


As we believe the members should well know, an 
award has been established to be known as The 
A.S.N.E. AWARD. It is to be awarded annually to 
that person who, during the year is deemed to have 
rendered the most outstanding contribution in the 
field of Naval Engineering. 

The machinery was set up to initiate this award 
in 1957 but, as we reported in the May 1958 Jour- 
NAL the Council voted to defer the initial award 
until 1958 for two principal reasons. 

The first of these reasons was that the term “Na- 
val Engineering” does not mean the same to all 
men. An accepted defiinition is a requisite to uni- 
versally equitable consideration. The following defi- 
nition was drafted by the 1957 Award Nominating 
Committee and it has been proposed that it be 
adopted as the Society’s official definition of its field 
of endeavor: 


oO OC O 


“Naval Engineering is the art and science by which the properties of matter 
and the sources of energy in nature are made useful to man in the design, con- 
struction, operation and maintenance of naval vessels and of their machinery, 
fittings, equipment and components, including the facilities ashore and afloat, 


for their support.” 


This tentative definition was published in the 
May JourRNAL with a request that members com- 
ment on it and suggest alterations which they deem 
to be necessary. No comments have been received 
in response to this invitation. The definition is re- 
peated here with the same request. Please give us 
the benefit of your ideas before 15 September 1958. 


At the latest Council meeting the President was 
empowered to appoint a committee which would 
compose a draft of a definition of Naval Engineering. 
The timing which we hope to attain is: 

With the benefit of suggestions from members 
the Committee will compose and propose to the 
Council a definition prior to 1 October. 

The Council, at a meeting preliminary to the 
Annual Meeting will adopt a definition which will 
be presented for approval at the Annual Meeting, 
the date of which, early in October has not yet 
been set. 

Assuming adoption the definition will be for- 
mally announced in the November 1958 issue of 
the JouRNAL and will be carried just below the 
masthead in all following issues. 

The definition will be used as the basis of rec- 
ommending nominees for the 1958 A.S.N.E. 
AWARD and by the Award Committee and the 
Council in selecting the Awardee. 

Please think about this and send in any idea 
which you develop so that we will be able truly to 
say that the Society membership “composed” the 
definition of Naval Engineering. 


1958 A.S.N.E. Award 


With the definition established we will, by letter, 
request those officers and officials in the naval es- 
tablishment to submit names of candidates for the 
award. We will also in the November issue of the 
JOURNAL, solicit nominations from all members and 
this we consider very important. Our 3400 members 
are scattered all over the world and in the practice 
of their profession are in a position to observe what 
is being accomplished in Naval Engineering. If they 
will keep the A.S.N.E. AWARD in mind and will 
report, in the form of a citation, that thing which 
they believe to be the outstanding one of 1958, we 
will come pretty close to being in a position to make 
an award which is truly for the most outstanding 
accomplishment of 1958 by a U. S. citizen anyplace 
in the world. Lack of this kind of coverage is the 
second reason why the Council decided not to make 
the 1957 award. 


Other A.S.N.E. Awards 


The Society and its friends have established sev- 
eral other awards which are made each year. They 


are all incident to the end of a scholastic year and 
this issue falls in the season when the year’s suc- 
cessful candidates are named. These announcements 
follow. 

ASNE SERVICE ACADEMY STUDENT AWARDS 


These awards are presented to the member of the 
graduating class, who accepts a service commission 
and who, in the opinion of the academy administra- 
tion has best demonstrated that he has the charac- 
teristics which are most promising for him to 
achieve success in the field of Naval Engineering. 
The criteria for selection and the selection itself are 
entirely up to the Academy officials. This award 
consists of a certificate and a check for $100.00. For 
1958 the awardees were: 


U. S. Naval Academy 


Official U.S. Navy Photo 


Midshipman Alan Michael Chodorow is the son of 
Mr. David Chodorow of Auburn, New York. He 
was among the top midshipmen in the graduating 
class. He was selected for our Award because he 
attained the highest multiple in the combined 
courses of Mathematics, Marine Engineering and 
Electrical Engineering. 

This award was presented by our Assistant Sec- 
retary-Treasurer, Captain Robert B. Madden, U.S. 
Navy. 
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U. S. Coast Guard Academy 


The Coast Guard winner was selected on the basis 
of showing the greatest proficiency in the course 
“Power Engineering.” The man selected for 1958 is 
Cadet Larry E. Telfer. We were unable to send any- 
one to New London to make this presentation. Cap- 
tain George M. Phannemiller, U.S.C.G., who is As- 
sistant Superintendent of the Coast Guard Academy 
and who was a member of the Council during a tour 
of duty in Washington, kindly consented to repre- 
sent the Society on this occasion. 


U. S. Merchant Marine Academy 


The Merchant Marine Academy selected its win- 
ner on the basis of his outstanding performances in 
engineering subjects and his potential as a superior 
Marine Engineer. The award was made to 

Engineer Cadet Franco Zuccoli 
of Valley Stream, New York. We had no one avail- 
able to send to King’s Point to make this presenta- 
tion and the Superintendent Rear Admiral Gordon 
McLintock, USMS, graciously arranged that this be 
done by Commander H. O’Connell, Regimental 
Officer, U.S. Merchant Marine Academy. 


OTHER AWARDS 


THE BRAND AWARD 


This has been a personal award by Mrs. C. L. 
Brand in tribute to her late husband. After this year 
it will become a Society award named in tribute to 
a past President. It is made to the student in the 
Naval Post Graduate course at the Massachusetts 
Institute of Technology, who stands one in Course 
XIIIA. The award is a letter and a one year’s sub- 
scription to the JourNAL. If the winner is a member 
of the Society, his account is credited with the 
equivalent value of a one year’s subscription. The 
1958 award has been made to 

Lieutenant Payson Dwight Sierear, U.S.N. 
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THE LAMB AWARD 


This is a personal award which is made each year 
by Captain Carl J. Lamb, U.S.N.R., to the outstand- 
ing Senior NROTC student in the School of Engi- 
neering of the Tulane University of Louisiana. For 
1958 the award was made personally by Captain 
Lamb to 
Contract NROTC Student John George Murray, Jr. 


This award consists of a Naval Membership in 
the Society with the first year’s dues paid by the 
donor. 
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W. J. FRANCIS, H. S. PREISER & F. E. COOK 


CATHODIC PROTECTION— 
| ITS EFFECT ON SHIPBOTTOM COATINGS 


Ep1tor’s Notes This paper is based on a presentation which was made 
f at the Western Regional Conference of the National Association of Cor- 
rosion Engineers, 23-25 October 1957, San Diego, California. 


THE AUTHORS 


Herman (Hank) S. Preiser is a Corrosion Engineer for Research and Devel- 
opment Division of the Bureau of Ships, in charge of cathodic protection. He 
is a graduate of the New York State Maritime College and Webb Institute of 
Naval Architecture, and is a licensed Professional Engineer in the District 
of Columbia and the State of Virginia. Mr. Preiser has been a frequent con- 
tributor of articles to the Journav. In addition to his membership in the 
American Society of Naval Engineers, he is also a member of the Society of 
Naval Architects and Marine Engineers, the Electrochemical Society and the 
National Association of Corrosion Engineers. 


Frank E. Cook holds a Master of Science Degree in chemical engineering 
from Ohio State University. He has been employed as a metallurgist by the 
Norfolk and Western Railway, as an inspector and chemist for the Quarter- 
master Corps, and as a materials engineer for the U.S. Maritime Commission. 
He is now a supervising materials engineer in the Research and Development 
Division of the Bureau of Ships. He is a member of the American Chemical 
Society, National Association of Corrosion Engineers, and the Washington 
Rubber Group. 


W. J. Francis is a graduate of Cooper Union (B.S.) and Columbia University 
(M.S.) in chemical engineering. He has had diversified experience in indus- 
try as a chemical engineer and a research chemist. He has been employed in 
the Norfolk Naval Shipyard since 1939 where he is now in charge of the 
Chemical, Paint and Plastics Laboratory. Mr. Francis is a member of the 
American Chemical Society and is a past president of its Hampton Roads 
Section. He has been granted a U.S. patent on the Navy hot plastic antifoul- 
ing shipbottom paint and has other paint patents pending. He is married, has 
two sons and is active in civic, church work and scouting. 


INTRODUCTION 


TT tion by paint or other coating but rather as a sup- 
HE PAST FIVE YEARS have been marked by con- 


plement to protective coatings. The Navy has been 


siderable progress in the development and applica- 
tion of cathodic protection techniques to the corro- 
sion prevention of the steel hulls of ships.‘ The 
method is not regarded as a substitute for protec- 


carrying on an extensive service testing program 
of cathodic protection on inactive and active vessels. 
Experience has shown that cathodic protection cur- 
rents can have detrimental effects on conventional 
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CATHODIC PROTECTION 


FRANCIS, PREISER & COOK 


ship-bottom paint systems unless carefully con- 
trolled. 


THE PROBLEM 


The problem of finding suitable paints and coat- 
ings for use in combination with cathodic protection 
can be divided into two parts. 

(a) For overall protection of the hull, the paint 
system should be capable of withstanding cathodic 
potentials in the order of 1.0 volt. Normally —0.78 
volt* is considered the optimum protective potential 
for most conditions. 

(b) Coatings on hull areas, in the vicinity of 
many energized anodes and certain, galvanic anodes, 
should be capable of withstanding cathodic poten- 
tials above 1.0 volt. Magnesium anode systems 
operating freely in a minimum resistance circuit 
often require coatings in the vicinity of the anodes, 
to be resistant to a cathodic voltage up to 1.5 volts. 
Zinc and aluminum galvanic anodes more closely 
approach the 1.0 volt maximum operating potential. 
The more common energized inert anode systems, 
such as graphite, lead alloys and platinum group 
metals, require coatings resistant to potential grad- 
ients approaching six volts. 

As a consequence of this dual-sided problem, two 
studies were undertaken with the following objec- 
tives: 

(a) To find suitable paints and coatings resistant 
to cathodic potentials of 1.0 volt with the emphasis 
on complete hull systems having the requisite anti- 
fouling character. 

(b) To find heavy duty paints and coatings re- 
sistant to potential gradients up to six volts for use 
as dielectric shields or blankets in the vicinity of 
energized inert anodes. These shields usually cover 
an area of the hull extending five foot radially from 
the anode edge. No emphasis was placed on the anti- 
fouling character of the coating but in all cases the 
adhesion of conventional Navy vinyl antifouling 
topcoats was observed. 

An ideal coating for use as a dielectric shield 
should be a non-conductor, easily applied and have 
a high degree of adhesion, resistance to alkali 
(cathodic reaction products), impermeability to sea 
water, toughness and flexibility, and have the abili- 
ty to withstand continuously impressed cathodic 
voltages up to 6.0 volts. 


PRELIMINARY TESTS, SERIES I 


In a preliminary test in 1951 initiated by the 
Bureau of Ships with the cooperation of Interna- 
tional Nickel Company and Dow Chemical Com- 
pany, the effect of a controlled potential on certain 
underwater paint systems on panels for 30 months’ 
exposure was determined at the Harbor Island Test 
Station of the International Nickel Company. The 
* All ‘potentials mentioned in this report refer to the closed cir- 


cuit potential readings re-orded at the panel surface by means of 
a saturated calomel half-cell unless otherwise noted. 
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general conclusions reached as a result of exposing 
forty panels to varying potentials were: 

(a) Maximum cathodic potential that the paints 
were able to withstand in the thickness tested was 
0.75 volt for the Navy Cold Plastic System (4.5 
mils), 0.95 volts for the Navy Hot Plastic System 
(30 + mils), and 1.0 volt for the Navy Vinyl Sys- 
tem (4.5 mils). 

(b) Thick film bituminous coating without anti- 
fouling protection were destroyed by marine fouling 
which obscured the effects of cathodic protection. 

(c) Cathodic protection did not effect the anti- 
fouling characteristics of the antifouling coatings. 

Some of the foregoing conclusions are question- 
able because during the experiment, the current 
control mechanism became defective, and poten- 
tials in excess of —1.0 volt were applied to the 
panels for a portion of the time. These preliminary 
findings served as a guide for the more carefully 
controlled tests which followed. 


TESTS, SERIES II 


Description of Material: 

The test panels used were sandblasted mild steel, 
12 inches square and 1/16-inch thick, having a lead 
wire attached as shown in Figure 1. 

The coatings applied to the panels comprise the 


TEST PANEL 


3° LENGTH - SOLID WIRE 
INSULATED CONDUCTOR, 
AWG. #14 


CIRCLED AREA TAPED WITH 
PRESSURE SENSITIVE VINYL 
ELECTRICAL INSULATING TAPE 


SANDBLASTED MILD STEEL PANEL 
12" THK. 


SOFT SOLDER 
CONNECTION 


SOLDER CONNECTING 
LUG 


Figure 1. Test Panel. 
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undercoat (anticorrosive system) and the topcoat 
(antifouling system). The coatings and their sources 
are listed in Table 1. 


Method of Test: 


Replicate test panels were coated with each un- 
dercoat system by one of the respective suppliers of 
the material listed under Table 1. The topcoats of 
antifouling paint were spray applied by the Paint 
Laboratory at Norfolk Naval Shipyard. Drying 
times from one-half hour to four hours were al- 
lowed between paint coats. After the final coat of 
antifouling paint was applied, there was an interval 
of at least several weeks before the panels were 


subjected to exposure tests. Some of the panels 
were scribed diagonally on one face so as to expose 
bare metal. A total of 89 panels were initially pre- 
pared and shipped to Harbor Island Test Station, 
International Nickel Co., Wrightsville Beach, N. C., 
for seawater immersion under cathodic protection 
conditions starting on April 2, 1954. Subsequently, 
additional panels were included in the test, bringing 
the total to 99 panels. 


The panels were placed in insulated metal racks, 
seven panels to a rack, for sea water exposure. The 
required electrical connections were made from the 
lead wire attached to each panel to the source of 
current. 


TaBLE 1—Description of Material 


Undercoat System 


Porcelain (proprietary) 
Navy F-117 pretreatment (MIL-C-15328) 
Navy F-119 vinyl red lead primer (MIL-P-15929) 
Navy F-120 vinyl zinc chromate primer 
(MIL-P-15930) 
Navy F-14N anticorrosive paint (MIL-P-19453) 
Norfolk L-223-27 anticorrosive paint 
(F-14N with chlorinated rubber) 
Navy F-113 vinylidene chloride 
acrylonitrile copolymer 
Norfolk L-255-1A anticorrosive paint 
(chlorinated rubber type) 
Polysulfide rubber, fiame spray (proprietary) 
Chloroprene, brush-on, hot air cure (proprietary) 
Chloroprene sheet, cold bond (MIL-R-15058) 
Polyethylene, flame spray (proprietary) 
Epoxy-polysulfide, cold cure (proprietary) 
Epoxy-glass, cold cure (proprietary) 
Epoxy-glass, heat cure (proprietary) 
Polyester-glass, cold cure (proprietary) 
Polyester-glass, heat cure (proprietary) 
Vinyl, aluminum pigment (proprietary) 
Rubber formulation 
Rubber formulation 
Rubber formulation 
Epoxy-glass (proprietary) 
Porcelain (proprietary) 
Porcelain (proprietary) 
Vinyl (proprietary) 


Topcoat Systems (Antifouling) 


Navy vinyl, red F-121 (MIL-P-15931) 

Navy cold plastic F-105 (MIL-P-18943) 

Norfolk L-223-202 (Saran base) 

Norfolk L-223-200-1 (Chlorinated 
rubber-rosin-Cumar) 

Hot Plastic 5-15 HPN (MIL-P-19452) 


Nore: All proprietary coatings are coded by Roman Numerals. 


Code No. Panel Source 


I Industry 
Norfolk Naval Shipyard 
Norfolk Naval Shipyard 


Norfolk Naval Shipyard 


Norfolk Naval Shipyard 
Norfolk Naval Shipyard 


Norfolk Naval Shipyard 
Norfolk Naval Shipyard 
New York Naval Shipyard 


IT New York Naval Shipyard 
III New York Naval Shipyard 
New York Naval Shipyard 
IV New York Naval Shipyard 
V New York Naval Shipyard 
VI New York Naval Shipyard 
VI New York Naval Shipyard 
VII New York Naval Shipyard 
vil 
VIIt Industry 
IX Industry 
xX Industry 
XI Industry 
XII Industry 
XI Industry 
XTV Industry 
XV Industry 
Source 


Norfolk Naval Shipyard 
Norfolk Naval Shipyard 
Norfolk Naval Shipyard 


Norfolk Naval Shipyard 
Norfolk Naval Shipyard 
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The circuit diagram is shown in Figure 2. Figure 
3 shows a typical exposure rack with test panels, 
and Figure 4 is a view of the electrical control box. 
At the start, certain panels were subjected to a 
cathodic voltage of 1.0 volt, others to 1.5 volts. Gal- 
vanic anodes were used to maintain —1.0 volt po- 
tential, and energized steel anodes were used to im- 
press the —1.5 to —6.0 volt potentials. 

The identification of the panels, the coating film 
thickness, and the voltage applied are shown in 
Table 2. The applied current conditions were care- 
fully controlled and maintained by the laboratory 
personnel of the Harbor Island Test Station. Peri- 
odic inspections of the panels were made and the 
panels were rated for the various types of coating 
failure, fouling resistance, corrosion resistance, blis- 
tering, cracking, scaling, peeling, loss of adhesion, 
and so forth. 


RESULTS OF TEST 
Control Panels: 


Without Cathodic Protection: After twenty-two 
months of exposure, 16 of the 23 systems originally 
exposed and three systems, POR XIII/F-121, POR 
XIV/F-121 and VINYL XV/F-121, showed little or 
no failure (rating about 95 percent). Three systems, 
F-113/SAR (23 mils), CHLOROPRENE III/F-121 


TYPICAL CIRCUIT DIAGRAM AND ARRANGEMENT OF 
PANELS EXPOSED UNDER 
CATHODIC POTENTIALS 


PANELS MOUNTED 


RACK WITH | 


FOR EACH 


4- MAGHESIUN 
ANODES 
WIRED IN 
PARALLEL 


FOR EACH 


STEEL ANODE 
PLAT 


~1.5 10-6.0 VOLT POTENTIALS RECTIFIER VARIAG CONTROL 


Figure 2. Typical Circuit Diagram and Arrangement of 
Panels Exposed under Cathodic Potentials. 
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Figure 3. Typical Test Rack with Panels Mounted in Posi- 
tion. 


Figure 4. View of Electrical Control Box for Regulating 
Cathodic Voltages on Test Panels. 


and EPOXY-GR VI/F-121, showed moderate fail- 
ure (rating of 80 to 87 percent). The four systems 
showing gross failure were 14N/F-105, F-113/SAR 
(13 mils), POLYETHYLENE IV/F-121 and 14N- 
CR/F-105. 


Panels with 1.0 Volt Cathodic Potential: 


Six out of eleven systems showed very slight or 
no failure after 22 months’ exposure. Two systems, 
14N/F-105 and CR/CR showed moderate failure in 
the antifouling topcoat. Four paint systems showed 
gross failure. Three of these systems, VINYL/F-121 
(11.5 mils) scribed, 14N-CR/F-105 and F-113/SAR 
(13.5 mils) showed failure of both undercoat and 
topcoat. The 14N/F-121 system showed topcoat 
scaling but no undercoat breakdown. It is interest- 
ing to note that the 14N-CR/F-105 and F-113/SAR 
(13.5 mils) systems showed progressive failure by 
blistering over the 22-month test period. Also some 
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scaling of the F-121 topcoat on two of eight panels 
on the POR I/F-121 system was noted after seven 
months’ exposure. 


Panels With 1.5 Volts Cathodic Potential: 


Considerable breakdown occurred in some of the 
coatings after four months’ exposure under —1.5 
volts. The poorest groups of systems comprised 
POLYSULPHIDE II/F-121, VINYL F-121 (21 
mils), POLYETHYLENE IV/F-121, VINYL-AL/F- 
121 and F-113/SAR (23 mils). The polysulphide 
rubber POLYSULPHIDE II/F-121) and aluminum 
pigmented vinyl VINYL-AL/F-121 systems failed 
by chemical deterioration (alkaline cathodic reac- 
tion products). The Navy vinyl system, 23 mils 
(VINYL/F-121), flame sprayed polyethylene 
(POLYETHYLENE IV/F-121) and the vinyldene 
acrylonitrile copolymer, 23 mils. (F-113/SAR) 
failed by loss of adhesion which probably was 
caused by the electroendomosis of water molecules 
through the films. All other panels appeared to be 
in good condition except that appreciable loss of 
the topcoat system (F-121) was observed on panels 
coated with POR I CHLOROPRENE III, EPOXY- 
POLYSULPHIDE V, EPOXY-GR VI (cold cure), 
POLYESTER-GR VII (cold and heat cure). 


Panels With 3.0 Volts Cathodic Potential: 


The remaining panels which had not deteriorated 
during the —1.5 volt exposure were subjected to an 
additional three months’ exposure at —3.0 volts. All 
systems showed significant breakdown or loss of the 
antifouling topcoat (F-121). Where some antifoul- 
ing topcoat was intact generally better adhesion was 
observed on the upper half of the panel which was 
treated with one coat of washcoat primer (F-117). 
Nine of the sixteen systems showed significant 
breakdown or loss of adhesion of the undercoat. A 
surprising result was the partial disintegration of 
the POR I undercoat system that had developed 
during the last three months. Brittleness and loss 
of adhesion of POLYESTER-GR/F-121 (heat cure) 
was observed. Seven systems showed excellent un- 
dercoat durability: EPOXY-POLYSULPHIDE V 
(cold cure), CHLOROPRENE SHEET (cold cure), 
EPOXY-GR VII (heat and cold cure) and RUB- 
BER IX, X and XI. 


Panels With 4.5 Volts Cathodic Potential: 


The panels previously exposed to successive volt- 
ages of —1.5 and —3.0 volts were subjected to —4.5 
volts. All systems showed practically complete fail- 
ure of the antifouling coating by scaling and peeling 
to the anticorrosive substrate. Of the sixteen sys- 
tems originally exposed, ten systems were still 
under test at the end of fifteen months. The 
EPOXY-GR VI (cold cure) undercoat system was 
the only panel showing almost perfect performance. 
The other anticorrosive undercoat systems showed 
some failure either by loss of adhesion to the metal 
or deterioration in the coating itself. RUBBER IX, 
X and XI. EPOXY-GR IV (heat cure), EPOXY- 


POLYSULPHIDE V, CHLOROPRENE SHEET 
(cold cure) showed good performance with only 
minor failure in adhesion or blistering. CHLORO- 
PRENE III (brush-on hot air cure) showed gross 
failure by blistering. POR I showed considerable 
disintegration of the porcelain enamel. POLY- 
ESTER-GR VII (cold) showed poor coating in- 
tegrity, some delamination and loss of adhesion. 

Panels coated with EPOX Y-GR XII system were 
not exposed until 16 November 1954. After eight 
months’ exposure at —4.5 volts (no progressive in- 
crease from —1.5 volts), this undercoat system was 
intact but the F-121 antifouling topcoat system had 
scaled considerably. 

Porcelain enamel systems purposely compounded 
to be alkali resistant, POR XIII and XIV were ex- 
posed on 2 February 1954 to —4.5 volts. After five 
months’ exposure, these two systems showed com- 
plete loss of the F-121 antifouling topcoat but no 
failure in the undercoat. 


Panels With 5.5 to 6.0 Volts Cathodic Potential:* 


Those panels which survived the —4.5 volt test 
were exposed to —5.5 to —6.0 volts for another 
seven months to the completion of the twenty-two 
months’ test which ended on 2 February 1956. The 
typical detailed inspection report is given by Table 
A in the Appendix. The results are as follows: 

All panels showed nearly complete stripping of 
the antifouling coating from the eleven undercoat 
systems still under test. Nine systems had failed 
earlier in the —4.5 volt test and were discarded. 
Only three of the systems originally exposed had 
the undercoat practically intact. These were the 
RUBBER IX, X and XI formulations which were 
rated 98 percent or better for performance. The 
three new systems which were added to the expo- 
sure series from seven to ten months after the orig- 
inal test started showed good undercoat perform- 
ance (rating 90 percent or better). These were the 
EPOXY-GR XII, POR XIII and POR XIV systems. 
The performance of the coatings not immersed for 
the full twenty-two months’ exposure period is con- 
densed in Table 3. 

The panels were photographed during each in- 
spection period after periodic exposure under the 
voltages described. Some typical examples are 
shown in Figures 5-12. The graphs in Figures 13 and 
14 summarize coating performance versus time of 
exposure at various potential levels. 


DISCUSSION 

Theoretical Considerations: Several interesting 
ideas are apparent from these tests. The two major 
factors which affect coating deterioration under ca- 
thodic protection exposure are alkali resistance and 
permeability to the effects of electro-osmosis. 

Those coatings which are known to be alkali sensi- 
tive failed prematurely during exposure apparently 


*At this potential the capacity of the rectifiers was reached and 
there was difficulty in maintaining constant voltage. 
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F] 
TaBLeE 2—Joint Navy-Industry Panel Tests (Series II, Panel Identification 
Panels immersed in sea water for 22 months) 
Panel Mil Mil Applied Voltage ’ 
No. Symbo! Undercoat System Thickness AF Topcoat System Thicknes3 Scribed Control 1.0V 1.5-6.0V , 
1S POR I/F-121 Porcelain I 17 2 ets F-121 5 x 3 
2S 17 5 x 
3S 14 5 x 
5S 5 x 4 
6S 15 5 x x 4 
7S bi 15 5 x x 
8S 11 5 = x 
9S " 15 5 x 4 
10S " " 16 " 5 x 4 
11S 16 " 5 x = 
12S 4 5 x 
13S 4 : 5 x 4 
14S 4 5 x 4 
15S 9 ' 5 x 4 
17S 12 5 x 
1 VINYL /F 105 117/5 cts 119 & 120 (alt) 6 2 ects F-105 5 x : 
2 6 5 x 5] 
3 6 5 x 
4 VINYL/F-121 117/5 cts 119 & 120 (alt) 6 2 cts F-121 S x 52 
5 6 5 x 53 
6 ; 6 ‘ 5 x x 54 
7 6 5 x 
8 6 5 x x 
9 = 6 x x 55 
10 117/9 cts 119 & 120 alt) 16. - 5 D4 56 
16. 5 x x 57 
12 16. 5 x 
13 16. 5 x x 58 
14 16. 5 x x 59 
2 cts Saran 60 
15 VINYL/SAR 117/5 cts 119 & 120 (alt) 6 Nfk L-223-202 5 x — 
16 6 x 61 
17 6 5 x 62 
18 14N/F-121 117/3 cts 14N 6 3 cts F-121 5 x —— 
19 6 5 x 
20 6 5 x +63 
21 14N/F-105 117/3 cts 14N 8 2 cts F-105 > x +64 
22 8 4 x 
23 8 5 x +65 
+66 
117/5 cts Nfk L-223-27 2 cts F-105 +67 
24 14N-CR/F-105 (14N & Chlor. Rubber) 8 ° 5 x — 
25 8 5 x 70 
26 ? 8 4 5 x 71 
72 
7 cts 113 2 cts Saran AF 
27 F-113/SAR (alt. orange & white) 8 Nfk L-223-202 5 P 4 +73 
28 8 5 x +74 
29 8 6 x 475 
30 16 cts F-113 18. 5 x x 
31 18. ° 5 x x +76 
32 " 18. 5 x x 477 
117/3 cts Nfk L-255-1A 2 cts Nfk L-223-200-1 +78 
33 CR/CR (Chlor. Rubber) 6 (Chlor. Rubber) 5 x +79 
34 6 5 x +80 
35 6 5 x 481 
+82 
POLYSULPHIDE Polysulfide rubber, 
33A II/F-121 flame spray, II 50 2 cts F-121* 5 x x Notes: 
34A 35 5 x x 
35A Ms 45 5 x x 
406 —A'S.N.E. Journal, August 1958 Footnotes on next page. 
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TaBLE 2—Continued 
Column headings on preceding page 


CHLOROPRENE Chloroprene, brush-on 2 cts F-121* 
36 Ill/F-121 (hot air cure), III 48 2 cts F-121* 5 x 
37 " A 45 rs 5 x x 
38 59 5 x x 
CHLOROPRENE SHEET Chloroprene, sheet 2 cts F-121* 
39 F-121 (cold bond) 100 ‘a 5 x 
40 100 5 x x 
41 33 5 x x 
POLYETHYLENE Polyethylene, 2 cts F-121* 
42 IV/F-121 (flame sprayed), IV 50 sy 5 x 
43 50 5 x x 
32 5 x x 
EPOXY-POLYSULFIDE  Epoxy-Polysulfide 2 cts F-121* 
45 V/F-121 (cold bond), V 80 ij 5 x 
46 91 5 x x 
47 89 5 x x 
EPOXY-GR Epoxy-glass 
49 VI/F-121 (cold) (cold cure), VI 60 2 cts F-121* 5 x 
50 " " 65 " 5 4 4 
51 " " 70 " 5 4 
EPOXY-GR Epoxy-glass 2 cts F-121* 
52 VI/F-121 (heat) (heat cure), VI 60 is 5 x 
53 " " 70 " 5 x 
54 " " 65 " 5 4 = 
POLYESTER-GR Polyester-glass 2 cts F-121* 
55 VII/F-121 (cold) (cold cure), VII 65 = 5 x 
56 " " 65 " 5 = P< 
57 70 x x 
POLYESTER-GR Polyester-glass 
58 VII/F-121 (heat) (heat cure), VII 60 2 cts F-121* > x 
59 " " 60 " 5 4 
60 " " 60 " 5 =x x 
VINYL-AL Vinyl, aluminum 
61 VII/F-121 pigmented VIII 100 2 cts F-121* 5 x 
62 " 100 5 x 
RUBBER 
+63 IX/F-121 Rubber formulation, IX 250 2 cts F-121* 5 x x 
RUBBER 
+64 X/F-121 Rubber formulation, X 250 . 5 x x 
RUBBER 
+65 XI/F-121 Rubber formulation, XI 250 He 5 x 
+66 " " 250 " 5 x x 
+67 " " 250 " 5 = = 
70 14N/15HPN 117/3 cts F-14N 5 15HPN 27 
71 5 26. x 
72 5 27 x 
EPOXY-GR Epoxy-glass 
+73 XII/F-121 (cold) (cold cure) XII 246 2 cts F-121* 5 x X(45V) 
+74 127 5 x X(45V) 
+75 4s 122 5 x X(4-5V) 
+76 POR XIII/F-121 Porcelain, XIII pe 2 cts F-121* 5 x 
+78 POR XIV/F-121 Porcelain, XIV 18. 2 cts F-121* 5 x 
+79 18. 5 x X(45V) 
780 VINYL XV/F-121 Vinyl, XV 17. 2 cts F-121* 5 x 
+81 " 16. x X(45V) 
+82 15. 5 x X(45V) 


Norges: * A 0.5 mil coat of wash primer pretreatment, Formula 117 was applied on the upper half (nearest the lead wire) of 


each panel on both faces and marked “Top.” Two coats of vinyl antifouling paint, Formula 121 were then applied 
over the entire panel surface. 

+ Less than 22 month immersion. 

() Voltage in parentheses indicates initial exposure voltage of panels immersed later in the test. 
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Control, unscribed, 22 
months exposure. 


Exposed, scribed, 1.0V, 7 months. 
Figure 5. Coating Systems: Vinyl/Vinyl (11.5 Mils). 


because of chemical deterioration or breakdown by 
the cathodic reaction products. This type of coating 
destruction was observed under calcareous deposits 
on certain procelain enamels, polysulphide rubber, 
aluminum pigmented vinyl and the polyester resin 
coatings of the test series. 

Similar failures have been reported on compar- 
able coating composition where the materials were 
immersed in 4 percent sodium hydroxide at 135 F. 
(3) 

The resistance of a coating to failure by blistering 
or loss of adhesion seems to be related in part to the 
thickness of the coating, physical and chemical 
structure and the permeability to water. The 
osmotic transfer of water and oxygen is always 
present across an immersed paint film. Whenever a 
voltage gradient is superimposed upon a porous film 
such as occurs during cathodic protection of coated 
panels, then the osmotic force of water transfer 
through the film is increased. (4) The thicker coat- 
ings of Series II panels (10 mils and above) per- 
formed better under a given cathodic potential 
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Exposed, scribed, 1.0V, 22 months. 


gradient than the identical thinner coatings of Series 
I panels (about 4.5 mils). 

One serious drawback for Navy specified vinyl 
applications in 10 and 20 mil thicknesses is the 
numerous coats that have to be applied to build the 
desired film thickness. Coating materials which can 
achieve film thicknesses 5 mils per coat without 
sacrificing resistance to electro-osmosis, would def- 
initely have an economical advantage over the con- 
ventional Navy vinyl systems. 

There is evidence that the pigment, and polymer 
character of a coating can influence greatly its re- 
sistance to the effects of electroendosmosis. The dis- 
cussion on page 303 of reference (1) by Dr. Max 
Kronstein provides some unusual insight along these 
lines. 

One investigator takes the viewpoint that the 
very factors which enhance a coating for use with 
cathodic protection, by showing good dielectric 
character, may also contribute to its deterioration 
by trapping the products of the cathodic reaction 
formed at the coating metal interface. (5) A theo- 
retical treatment and summary of the mechanisms 
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of coating deterioration under cathodic protection 
exposure is covered in the literature. (5) 

Cathodic protection is often used in combination 
with coatings to achieve the maximum protection at 
the lowest cost. In the case of a ship which must be 
drydocked periodically for reasons other than re- 
placement of the paint coating, cathodic protection 
may be justified economically if it provides con- 
trolled auxiliary protection to exposed hull areas 
and appendages without shortening the designed 
coating life. An excellent example of a balanced 
combination protective system is the use of mild 
cathodic protection with zinc anodes on a Navy tub- 
boat coated with a standard Hot Plastic coating. 
Good results up to 30 months’ immersion have been 
reported. (6) Hull potentials above —0.8 volt are 
being maintained after forty months. 


Exposed, uncleaned, scribed, 
1.5V, 4 months. 


Panel Tests: 


No record of current values measured on the 
panels were included in this report since it was felt 
that the presence of scribe marks and edge failures 
make these data of little value. 

In order to reduce to a minimum, variables which 
can be attributed to personal factors, the perform- 
ance ratings on the panels throughout the entire test 
were made by only one person. This person was an 
expert paint technologist thoroughly trained in the 
art of panel evaluation. 


The performance of an antifouling paint is always 
influenced by the substrate on which it is applied. 
One of the important factors to be considered is 
adhesion, 


Exposed, uncleaned, scribed, 1.5V, 4 
months, 


Exposed, uncleaned, scribed 1.5V, 4 months. 


Figure 6. Coating Systems: Vinyl/Vinyl (21 Mils). 
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Control, unscribed, Exposed, unscribed, 1.0V, 22 months. 
22 months. 


Exposed, uncleaned, unscribed, 4 Mo./1.5V, Exposed, unscribed, 4 Mo./1.5V, 3 Mo./3.0V, 
3 Mo./3.0V, total time 7 months. total time 7 months. 


Figure 7. Coating Systems: Porcelain I (17 Mils) (Defect Free). 


Control, unscribed, 22 months. Exposed, unscribed, 1.0V, 22 months. 
Figure 8. Coating Systems: Vinyl/Cold Plastic (12 Mils). 
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Exposed, uncleaned, scribed, 1.5V Exposed, uncleaned, scribed, 1.5V, 
4 months. 4 months. 


Exposed, scribed, 1.5V, 4 months. 
Figure 9. Coating Systems: Polysulphide Rubber Il (45 Mils) (Flame Spray). 
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Control, scribed, 7 months. Control, scribed, 22 months. Exposed, scribed, 1.5V, 4 Exposed, scribed, 1.5V, 
months, 4 months. 


Ex posed, uncleaned, Exposed, scribed, 4 Mo./ Exposed, scribed, 4 Mo./1.5V, 3 Mo./3.0V, 8 Mo./ 
scribed, 4 Mo./1.5V, 3 Mo./ 1.5V, 3 Mo./3.0V, total time 4.5V, 7 Mo./6.0V, total time 22 months. 
3.0V, total time 7 months. 7 months. 


Exposed, back, un- Exposed, back, unscribed, 4 Mo./ Exposed, back, un- 
scribed, 4 Mo./1.5V, 3 1.5V, 3 Mo./3.0V, 8 Mo./4.5V, 7 Mo./ scribed, 4 Mo./1.5V, 3 
Mo./3.0V, 8 Mo./4.5V, 7 6.0V, total time 22 months. Mo./3.0V, 8 Mo./4.5V, 7 
Mo./6.0V, total time 22 Mo./6.0V, total time, 22 
months. months. 


Figure 10. Coating Systems: Neoprene Sheet (100 Mils) (Cold Bond.) 
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Control, scribed, 7 months. 


Exposed, scribed, 4 Mo./1.5V, 3 Mo./3.OV, total time, 7 
months. 


Figure 11. Coating Systems: Epoxy-Glass VI (65 Mils) (Cold Cure). 


Based on previous experience there was reason to 
believe that the Navy antifouling paints would not 
indiscriminately adhere well to each of the materials 
under test. An attempt was made to improve the 
adhesion and to form a more compatible surface for 
the antifouling paint. This was done by coating the 
upper half of each panel with a pretreatment de- 
signed to improve adhesion (Navy Formula 117), 
prior to the application of the antifouling paint. 

In general, the data indicated that Formula 117 
improved the adhesion of the antifouling paint. 
However, it was not sufficiently effective to prevent 
loss of the antifouling paint in part, or in its entirety 
from some of the panels. More studies may be re- 
quired for the shield material selected. 


Exposed, scribed, 1.5V, 4 months. 


Exposed, scribed, 4 Mo./1.5V, 3 Mo./3.0V, 8 Mo./4.5V, 
7 Mo./6.OV, total time 22 months. 


A number of porcelain coated panels were in- 
cluded at the start of these tests. These panels were 
prepared in two categories. The first panel was one 
in which the coating was as perfect as possible to 
produce. The second comprised panels on which the 
porcelain coating contained intentionally made de- 
fects such as “copperheads,” “fish scaling” and 
blisters. The extent of surface discontinuity was de- 
termined electrically by “swab” testing the freshly 
prepared panels. 

Although the details of this phase of the study are 
not included in this paper, it is of interest to note 
that the first build-up of cathodic deposits on the 
porcelain coated panels occurred at the points of 
“copperhead” defects. Aside from this, the results 


A.S.N.E. Journal, August 1958 413 


| 
4 
5V, 
Control, scribed, 22 months. 
| 
n- 
3 
22 


CATHODIC PROTECTION 


FRANCIS, PREISER & COOK 


Control, scribed, 22 months. Exposed, scribed, 1.5V, 


4 months. 


Exposed, scribed, 4 Mo./1.5V, 
3 Mo./3.0V, total time 7 
months. 


Exposed, scribed, 1.5V, 4 Exposed, scribed, 4 


months. Mo./1.5V, 3 Mo./3.0V, 


total time 7 months. 


Exposed, scribed, 4 Mo./1.5V, 3 Mo./3.0V, 8 Mo./4.5V, 
7 Mo./6.OV, total time 22 months. 


Figure 12. Coating Systems: Epoxy-Polysulphide V (85 Mils) (Cold Bond). 


were not especially significant because cathodic de- 
posits soon formed in an over-all fashion over both 
“defective” and “perfect” panels. This was partic- 
ularly true for the panels exposed to the higher 
potentials. It indicates that the electrical swab test, 
as made, was not adequate to detect all existing dis- 
continuities in the coating. 

A second type of failure was noted on the por- 
celain coating. This consisted of a definite etching of 
the surface. It should not be concluded, however, 
that this failure will necessarily be common to all 
porcelain coatings. The coating, readily available 
and covered by a specification, was one that was 
resistant to acid and to thermal shock. It follows 
technically that a coating resistant to acid may not 
be resistant to alkali because of composition; and 
that a coating resistant to thermal shock is not com- 
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pletely impervious, because of the bubble structure 
of the coating. Therefore, it should be possible to 
formulate a porcelain enamel which would be re- 
sistant to the alkali of the cathodic reaction and also 
essentially free from the minute pores inherent in 
a thermal shock resistant coating. The results ob- 
tained on POR XIII/F-121 and POR XIV/F-121, in 
Table 3, are indicative of this. 


Discussion of Results of Figure 13 


Good results were obtained at the —1.0 volt po- 
tential for a number of coatings. There were certain 
coatings, particularly those of an experimental na- 
ture, which on the basis of this study do not merit 
use with cathodic protection. 

From a statistical standpoint, these apparently 
poor results should not be considered firm, but 
should be compared with other data available, and 
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NOTES: 


@ PERCENTAGE BASED ON AVERAGE 
RATINGS OF UNDERCOAT AND TOP 


COAT OF ALL PANELS IN SAME 
iG) CATEGORY TAKING FACTORS OF 
‘C) © BLISTERING, CRACKING, PEELING, 
CORROSION, AND FOULING INTO 
© ACCOUNT, 
~ =» ©» Nk @ MINOR FAILING OF A F COAT 
£8 £58 35 3, $8 253. 28 2, @ CONTROL BY PEELING 
SS 55 5% 5528 £2 GS us LE 
100 S = @ THICKNESS OF A C COAT ONLY 
N N 
N LEGEND: 
N N 
5 N N 
oN N CONTROL 
coN 
ad N N EXPOSED AT 
N BN (Cu-CuS04) 
AN S 
N N UNSCRIBED 
N N N X_ SCRIBED 
FA N N N MILS THICKNESS 
NN N N ( ) CoaTING SYSTEM 
208 N AF  ANTIFOULING COAT 
AC ANTICORROSIVE COAT 
N N AC/AF 
IN IN N 
NOTE: SEE TABLE 2 FOR 


SEAWATER EXPOSURE ~ MONTHS 


KEY TO COATING SYMBOLS 


Figure 13. Coating Performance vs Exposure time for panels exposed to a cathodic potential of 1.0 Volt. 


the tests repeated, if then justified. In the case of 
the F-113/SAR system, in which the control and 
the panel protected at —1.0 volt were both rated at 
about 45 percent perfect, there is considerable inde- 
pendent data to indicate that this system without 
cathodic protection can perform in a manner equal 
and often superior to the VINYL /F-121 system. This 
indicates that the 45 percent rating for the control 
is abnormally low. On the other hand, the extreme 
loss of adhesion of this system at —1.5 volts indi- 
cates a definite sensitivity to the effects of cathodic 
protection. A conclusion is readily reached that 
cathodic protection systems should avoid the use of 
the F-113/SAR coating system until more definite 
voltage limits can be established. 

As mentioned previously, but under a slightly 
different context, there must be good compatibility 
between the anticorrosive (under water primer) 
and the antifouling paints for the system to perform 
well, and each coating assists in the performance of 
the other. The poor results obtained at —1.0 volt 
with the CR/F-105 system may reflect some incom- 


patibility between the anticorrosive and antifouling 
paints. This conclusion is reached by comparing 
these poor results with the good results obtained in 
the CR/CR and the VINYL /F-105 systems. 

Another point connected with the —1.0 volt series 
should be made, since without it the conclusion may 
be drawn that cathodic protection improves the per- 
formance of this system, 14N/F-105, which is likely 
not correct. The 50 percent rating attained by the 
control of 14N/105 system is considered abnormally 
low. This is a standard paint system which has been 
in use on ships for several years and there are in- 
numerable independent panel tests which show good 
performance for periods of twenty four months. The 
film integrity of Formula 105 however is considered 
to be generally inferior to that of Formula 121. 

It should also be noted in the —1.0 volt tests that 
the scribed VINYL/F-121 did not perform as well 
as did the unscribed. This result is consistent with 
data obtained in the Series I test, in which scribed 
panels were generally inferior to unscribed panels. 
Scribed panels for the other paint systems were not 
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TaBLe 3—Performance of Coatings on Panels Immersed for less than 22 months 


% % (1) 
Exposure Rating of 
Panel Conditions Control Rating of 
No. Symbol (Scribed) (No Voltage) Panel Remarks 
65 RUBBER XI/F-121 20 months 100 99.5 A.F. coating fouled after 15 
66 immersion months (2). 
667 2@1.5V, 
7@ 6.0 V, 
8 @ 4.5 V, 
63 RUBBER IX /F-121 Same as XI 100 93 A.F. coating failed after 7 
64 RUBBER XI months (2) (4). Panel rated 
at 83% at end of exposure with 
loss of adhesion %” on either 
side of scribe. 
73 EPOXY-GR XII (cold) 15 months No control 99 A.F. coating failed after 8 
/F-121 immersion months (2). 
7@60V 
8@45V 
74 EPOXY-GR XII (cold) Same as Nocontrol 99.5 Same as panel 73. 
75 /F-121 Panel 73 
76 POR XIII/F-121 12 months 100 100 A.F. coating failed after 5 
77 immersion months (2). 
5@45V 
7@60V 
78 POR XIV/F-121 Same as panels 100 97.5 A.F. coating failed after 5 
79 76 & 77 months (2). 
80 VINYL XV/F-121 5 months 98.5 (4) 25(4) Complete lifting of coating from 
81 immersion metal panel in large blisters 
@6.0V (2). 


NOTES 


(1) Percentage based on average rating of undercoat only 
of all panels in the same category—Taking factors of 
blistering, peeling, cracking and corrosion into account. 

(2) Two coats of antifouling paint, Navy Formula 121 were 


used in this test series for the —1.0 volt potential 
because the effect of scribing had already been de- 
termined and because of the inherent difficulty in 
producing identical scribe marks on all panels, espe- 
cially when the coatings themselves may be mark- 
edly different physically. Scribed panels were used 
for the —1.5 to —6.0 volt potential where the coat- 
ings were being tested under this condition for the 
first time. 


Discussion of Results of Figure 14: 

A conclusion that can be readily reached from 
the —1.5 to —6.0 volt potential studies is that any 
coating can be made to fail if sufficient current is 
applied to it for a substantial length of time. In this 
study, it should be remembered that the test panels 
are “captive” in the sense that the current has no 
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applied over the undercoat. 

(3) Same formulation of RUBBER XI with slight modifica- 
tions. 

(4) Undercoat and antifouling rated together. 


alternative path of flow and therefore must go to 
the panel. This is a different situation from that 
which exists on a ship where dielectric shields may 
be used around an anode and current flow is in- 
versely proportional to the resistance of the multiple 
paths between the anodes and each spot on the hull. 
This resistance between the anodes and the hull will 
vary with distance, volume of water, the shielded 
area, the painted area, the bare area, and the size 
and number of the propellers. This means that there 
are many opportunities for the current to flow to 
locations other than that covered by the shield, and 
that the test condition may be several times more 
severe than that of actual service. This is borne out 
by the fact that the CHLOROPRENE/F-121 system 
(sheet form) has given good account of itself in 
service tests, while it eventually showed failure in 
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& © © PERCENTAGE BASED ON AVERAGE 
= = RATINGS OF UNDERCOAT ONLY OF 
= a ALL PANELS IN SAME CATEGORY 
w ¥ @ PANELS EXPOSED IN SEQUENCE: 
zx Hx Hx 2x 2 Sx Ox Gx x 4 MONTHS @ -1.5V 
3 < 8 MONTHS @ -45V 
2S $6 $6 $6 25 gS 22 MONTHS TOTAL EXPOSURE 
S2 S28 ee AF FMLED 4 MONTHS. 
AF FAILED IN 7 MONTHS. 
AF FAILED IN 15 MONTHS. 
\ Nae N \ UC FAILED IN I5 MONTHS. 
N N UC FAILED IN 7 MONTHS. 
NN Ng \ ® UC FAILED IN 4 MONTHS. 
BN N N ONE COAT OF VINYL AF(F-121) 
\) N N WAS APPLIED OVER ALL N 
NaN Neh SYSTEMS OTHER THAN CONTROL 
60 = THOSE IN WHICH THE S 
a N N N N \\ VINYL AF WAS NORMALLY 
x N N COMPONENT PART EXPOSED AT VARIOUS 
3 N N N N \N CATHODIC VOLTAGES 
(Cu-CuSO,4) 
N N By _UNSCRIBED 
2 Na N X SCRIBED 
NaN N N MLS THICKNESS OF UC 
Ne COATING SYSTEM 
© 20 AF ANTIFOULING COAT 
NK N 
BN N N UC UNOERCOAT 
N N N N -/- UC/AF 
N N N N NOTE: SEE TABLE 2 FOR KEY 
7 7 7 4 


SEAWATER EXPOSUKE - MONTHS 


Figure 14. Coating performance vs exposure time for panel exposed to Cathodic potentials of 1.5 to 6.0 volts. 


this test, primarily when exposed to more than 
—3.0 volts. An opportunity has not presented itself 
to date for service trials of all of the promising coat- 
ings. 

The truly superior coatings as represented by 
formulations RUBBER IX, X AND XI, are not 
readily applicable to ship bottom work as they re- 
quire heat vulcanization during application. While 
this is not impossible, it is highly impracticable and 
near to impossible to accomplish on a ship in dock 
when the ambient temperature is low. Should it de- 
velop that coatings of this high quality would be 
required, they could still be used by being vulcan- 
ized onto steel plates in the shop and then attaching 
these plates to the hull subsequently. This would 
still be a highly undesirable operation. 

The same argument about the difficulties of high 
temperature application of coatings to a ship hull 
can be made for the excellent POR XIII/F-121 and 
POR XIV/F-121 coatings. 


There is every reason to believe that three of the 
coating systems tested will prove satisfactory as 
anode shield materials, as noted under “conclu- 
sions.” 

It is gratifying to be able to note that in one in- 
stance good correlation was obtained between per- 
formance and the anticipated alkali resistance. For 
example, the epoxy formulations were superior to 
the polyester formulation. It is also worthy to note 
that sheet CHLOROPRENE was superior to the 
brush-on formulations. The sheet material was twice 
as thick, but this factor is not believed to be the 
controlling one since both applications were of suf- 
ficient minimum thickness. In addition, the superior 
qualities of a sheet material over a brush-on ma- 
terial of comparable composition has been dem- 
onstrated in the electrical field on many occasions. 

A detailed inspection report showing the type of 
evaluations made is included in the Appendix as 
Table A. 
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CONCLUSIONS: 


Based on the results of twenty two month’s ex- 
posure the following conclusions may be drawn: 

Five of the eleven coating systems tested under 
—1.0 volt exposure are compatible with cathodic 
protection: 

a) VINYL/F-121. Standard Navy Vinyl System 
in 20 and 10 mil thicknesses. 
14N/15HPN, Standard Navy Hot Plastic Sys- 
tem, 32 mils thickness. 

c) POR I/F-121, Porcelain enamel coating, 4-17 

mils thickness. 

d) VINYL/SAR, Standard Navy Vinyl anticor- 
rosive with experimental “Saran” antifouling 
coating, 11.5 mils thickness. 

e) VINYL/F-105, Standard Navy Vinly anticor- 
rosive with Cold Plastic antifouling coating, 12 
mils thickness. 

Of the 14 dielectric shield coatings tested cathod- 
ically under potentials of —1.5 to —6.0 volts for 
twenty two months’ exposure, three coating systems 
which can be readily applied are considered satis- 
factory for ship bottom service: 

a) CHLOROPRENE/F-121, Sheet Chloroprene 

125 mils thickness. 

b) EPOXY-GR VI/F-121, Epoxy-glass reinforced, 
cold cure laminate, 65 mils thickness. 

c) EPOXY-POLYSULPHIDE V/F-121. Epoxy- 
Polysulphide Copolymer, troweled on, cold 
cure, 85 mils thickness. 


b 


RECOMMENDATIONS 


a) It is recommended that cathodic protection be 
employed with the Vinyl, Hot Plastic or Cold 
Plastic, Navy Standard Paint Systems. 

b) It is recommended that further tests be carried 
out on thick film, vinyl and epoxy mastic coat- 
ings for purpose of finding economically ap- 
plied coatings compatible with cathodic pro- 
tection. 

c) It is recommended that controlled potential 
levels of —0.7, —0.8 and —0.9 volts be investi- 
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gated with the more promising coatings. This 
study will provide data for determining the 
optimum conditions of corrosion protection as 
related to coating life and degree of cathodic 
polarization. 
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APPENDIX 
TaBLeE A 
us Jornt InpustRy-Navy Tests (Series II) , NObs-65015, NS-062-006, NS-061-002 
Inspection Record 
“_ Exposure conditions—Seawater immersion and cathodic protection 
Panels—12x12x1/16 inch steel coated with various protective coatings (89 panels total) 
Test site—Harbor Island Test Station, Wrightsville Beach, N. C. 
Date immersed—April 2, 1954 Date inspected—2 Feb. 1956 
al PERFORMANCE RATING PERCENT * 
: Panel Voltage Scale Film (2) 
lit No. _Scribed Control 15v Fouling Corrosion Blister Crack yc. TC. Remarks** 
to 
el 1S x 80 100 100 100 100 100 100 
6S x x 40 100 99 100 100 100 99 
t- 9S x 84 100 100 100 100 100 100 
nt 12S > 3 70 100 85 90 100 100 85 
he 15S x 95 100 99 100 100 100 99 
1 x 100 100 99 100 100 100 99 
4 x 100 100 100 98 100 100 99 
of 6 x x 100 100 100 99 100 100 99 
ial 10 x 100 100 100 100 100 100 100 
11 = x 100 100 100 100 100 100 100 
15 x 100 100 100 99 100 99 99 
18 x 100 100 100 100 100 100 100 
70 x 100 100 100 100 100 100 100 
lic 21 x 0 100 0 100 100 100 0 
le- 76@ * % 95 100 95 100 100 100 95 
64, 78@ x x 94 100 9 100 100 100 99 
80 x = 100 100 100 95 100 100 97 
On 65-+ x x 92 100 99 100 100 100 99 
try 24 x 80 100 20 80(UC) 100 85 20 
of 27 100 100 100 20 100 45 45 
ril 30 x x 100 100 100 80 100 87 87 
33 x 100 100 100 99 95 100 97 
In 33A x x 94 100 100 99 100 100 99 
iY) 36 x x 94 100 100 80(UC) 100 87 87 
39 x x 94 100 100 100 100 100 100 
20, 42 x x 94 100 100 99 100 100 99.5 
45 x x 65 100 50TC 100 100 0 50 Discarded 
ing 49 x x 80 100 80TC 100 100 100 80 
y” 55 x x 100 100 99 100 100 100 99 
150 58 x x 100 100 99 95 TC 100 100 97 
56. 61 x x 100 100 100 100 100 100 100 
52 x x 94 100 9% 9 100 99 
av 2S = 95 100 100 100 100 100 100 
3S x 75 100 100 100 100 100 100 
10S x 80 100 100 100 100 100 100 
11S x 70 100 100 100 100 100 100 
13S x 50 100 50 100 100 98 50 
14S x 30 100 40 100 100 98 40 
16S x 40 100 100 100 100 100 100 
17S = 90 100 100 100 100 100 100 
2 x 100 100 100 95 100 97 97 
3 + 100 100 95 95 100 97 95 
5 + 100 100 100 100 100 100 100 
7 x 100 100 100 99 100 100 99 
8 = x 100 99 100 70 100 70 70 Discarded 
9 x x 100 99 100 70 100 70 70 
12 x 100 100 100 100 100 100 100 
16 x 100 100 100 85 100 100 94 
17 * 100 100 100 90 100 100 96 
19 x 100 100 60 100 100 100 60 Discarded 
20 x 100 100 65 100 100 100 65 
71 =x 100 100 100 100 100 100 100 
72 x 100 100 100 100 100 100 100 
(1) Rating Scale—100 for no failure (2) U.C.—undercoat 
0 for complete failure T.C.=topcoat (antifouling) 
+ immersed 5-20-54 * Numbers show panel position starting at left 
@ immersed 2-2-55 ** See Detail remarks on page 421 
A.S.N.E. Journal, August 1958 419 


A 

ar 
4 


FRANCIS, PREISER & COOK 


TABLE 


A—Continued 


CATHODIC PROTECTION 


| Voltage Scale Film (2) 
No. Scribed Control j9y Fouling Corrosion Blister Crack UC. TC. Remarks 
22 x 94 100 85 90 97 100 85 Discarded 
23 x 94 100 85 90 95 100 83 Discarded 
25 x 10 100 10 — — 40 10 Discarded 
26 10 100 9 50 0 Discarded 
28 x 100 100 100 20 100 40 40 
29 x 100 100 100 30 100 50 50 
34 x 100 100 98 100 100 100 98 
35 x 100 100 98 90 80 98 85 Discarded 
7S x x (Panel discarded 11/12/54) 
8S x x (Panel discarded 11/12/54) 
13 x x (Panel discarded 8/5/54) 
14 x = (Panel discarded 8/5/54) 
344A x x (Panel discarded 8/5/54) 
35A x x (Panel discarded 8/5/54) 
37 x x (Panel discarded 7/5/55) 
38 x x 85 100 0 25UC 100 25 0 Discarded 
40 x x 90 100 15 75 100 80 15 Discarded 
41 x x 85 100 5 80 100 75 5 Discarded 
43 x x (Panel discarded 8/5/54) i 
44 x x (Panel discarded 8/5/54) 
46 x x 90 100 10 95 100 70 10 Discarded 
47 x x 80 100 5 95 100 70 5 Discarded 
50 x * 90 100 25 70 UC 100 70 25 Discarded 
51 x x 80 100 25 85 UC 100 80 25 Discarded 
56 x x (Panel discarded 7/ 7/55) 
57 x * (Panel discarded 7/ 7/55) 
59 x x (Panel discarded 11/12/54) 
60 x x (Panel discarded 11/12/54) 
62 x x (Panel discarded 8 /5/54) 
S1 x x 100 100 50 0 100 0 50 Discarded 
S2 x % 100 100 50 0 100 0 50 Discarded 
4S x (Panel discarded 5/19/55) 
5S x (Panel discarded 5/19/55) 
31 x * (Panel discarded 8 /5/54) 
32 x x (Panel discarded 8 /5/54) 
53 x x 80 100 15 80 UC 100 70 15 Discarded 
54 x = 85 100 25 80 UC 100 80 25 Discarded 
63+ x * 80 100 15 100 100 98 15 Discarded 
64+ x = 70 100 15 100 100 99 15 Discarded 
66+ = x 80 100 20 70 100 65 20 Discarded 
67+ x x 80 100 25 98 100 99 25 Discarded 
73/ x = 90 100 20 100 100 99 20 
74/ x x 75 100 10 85 UC 100 90 10 
75/ x x 85 100 20 100 100 99 20 
77®@ x x 88 100 0 _ _ 100 0 
79@ x x 94 100 0 a _ 95 0 


(1) Rating Scale—100 for no failure 


0 for complete failure 


-+ immersed 5-20-54 


420 
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(2) U.C.=undercoat 
T.C.—topcoat (antifouling) 
* Numbers show panel position starting at left 
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NOTES TO TABLE A 


Detail Remarks on Panel Condition on Feb. 2, 1956 

Paint in good condition except for few pinhead size 
blisters. 

Similar condition to panel 2, except that slight pin- 
head size flaking is present. 

One small blister at top corner. 

Two small blisters at right edge. 

Slight calcareous deposit along the scribe; slight rust 
stain in scribe. Some blisters to 3” diam. Entire 
paint film was readily peeled off, and film was 
somewhat brittle. Panel removed. 

Condition similar to panel 8. Panel removed. 

50% of A.F. paint off, in lower half of panel mostly. 
Exposed porcelain undercoat has copper deposits 
on 40% of the area in the lower half of panel and 
considerable barnacle fouling. 

60% of A.F. paint off. Lower half of panel has por- 
celain substrate exposed, and in a similar condition 
to panel 13S. 

Blisters 4%” size along 2” area parallel to bottom edge 
and along right side. 

Similar condition to panel 16. 

40% of paint scaling to primer coat. Panel removed. 

35% of paint scaling to primer coat. Panel removed. 

A.F. paint practically all off; undercoat (AC) good. 
Back face showed 15% of A.F. paint eroded; edges 
excellent—not taped originally. Panel removed. 

15% of paint scaling, and slight blistering, and few 
cracks. Panel removed. 

Similar condition to panel 22. Panel removed. 

80% of A.F. coating eroded; A.C. coating blistered. 
Panel removed. 

A.F. paint practically all scaled off; undercoat erod- 
ing; all fouled. Panel removed. 

Similar condition to panel 25. Panel removed. 

General blistering, 4%” blisters, unbroken. 

General blistering; 4%” blisters, unbroken. 

Similar condition to panel 28. 

Some blisters to 1%” size; heavy rust in scribe. 

AF. paint scaling to undercoat in few spots near 
bottom. 

Few blisters to 1” diam. breaking to first coat of 
anti-corrosive; shallow cracks extending about 3” 
from top edge. Panel removed. 

Hard blisters to %” size; heavy rust in scribe. 

Paint coating off. Undercoat (Neoprene, brush-on, 
hot air cure) has blisters to 4” across, and have 
liquid inside. Rubber has lost adhesion to 75% of 
surface. Back face of panel has 25% of AF. paint 
coating scaled off, and the Neoprene undercoat has 
five blisters ranging to 3” diameter. Panel removed. 

85% of paint off. Undercoat (Neoprene sheet, cold 
bond) has 5 blisters to 2.5” diam. near edges; blis- 
ters nearly dry. Neoprene is flexible and shows 
good adhesion at the scribe. Back face of panel has 
50% of paint coat off, and the undercoat is prac- 
tically entirely distended as a blister 3” high. 
Puncturing blister showed no liquid inside. Neo- 
prene broke bond at adhesive interface. Panel re- 
moved. 

95% of paint off. Undercoat in similar condition to 
panel 40, but shows loss of adhesion for 4%” each 
side of scribe. Back face of panel has 30% of paint 
off, and undercoat has 5 blisters from 3” to 5” 
diam., raised 1.5” from panel surface. Panel re- 
moved. 

A-F. paint all loose in lower half of panel. Black un- 
dercoat has lost adhesion to metal. Panel removed. 


47 


Ss 


51 


67 


73 


74 


75 


76 


81 


90% of paint off. Undercoat (Epon-Thiokol, cold 
bond) lost adhesion for 2.5” each side of scribe, 
and is brittle. Back face of panel has 90% of A-F. 
paint intact, and the undercoat is adherent. Panel 
removed. 

Similar to panel 46 on front face. Back face of panel 
shows nearly the entire coating system separated 
as a large blister. Surface was dry ne the blis- 
tered coating. Panel removed. 

A.F. paint scaled from top quarter. 

75% of A.F. paint off. Undercoat (Epoxy glass, cold 
cure) has 4” blisters in laminate and has whitened, 
and lost adhesion for 3” each side of scribe. Panel 
removed. 

Similar to panel 50 but has less blistering, and shows 
loss of adhesion for 1” each side of scribe. Panel 
removed. 

85% of topcoat paint off. Undercoat (Epoxy glass, 
heat cure) has lost adhesion and whitened for 3” 
each side of scribe, and has some blisters to 14” 
in the laminate. Panel removed. 

Similar to panel 54, but undercoat has lost adhesion 
for 1.5” each side of scribe. Panel removed. 

85% of topcoat paint off. Undercoat (Rubber #5501) 
is loose for 4%” each side of scribe. Panel removed. 

Similar to panel 63 except that undercoat shows 
practically no loss of adhesion along the scribe. 
Panel removed. 

Rubber undercoat adherent along the scribe; heavy 
rust in scribe. AF paint 99% intact. Panel removed. 

80% of paint off. Undercoat (Rubber #5705) lost ad- 
hesion for 2” each side of scribe and is 30% blis- 
tered. Blisters to 34” across, and have no liquid in- 
side. Panel removed. 

75% of paint off. Undercoat (Rubber #5705) has a 
2” blister at lower end of scribe but is otherwise 
adherent. Panel removed. 

80% of paint off. Undercoat (Cordobond) is adherent 
at scribe, but on lower half of panel shows whiten- 


ing. 

Undercoat lost adhesion for 1” from scribe in lower 
half of panel; has blisters to %” in the laminate 
and color change (whitening) in lower half of 
panel. Back face shows 85% of A.F. paint intact 
on upper half, but paint entirely off lower half and 
all fouled. 

Paint 80% missing. Undercoat (Cordobond) adherent 
along scribe, but whitened on lower half of panel. 

Rust has perforated the scribe mark; A.F. paint start- 
ing to scale in lower half of panel; paint adhesion 
not good. 

Paint all off. Undercoat (Porcelain) has calcareous 
coating deposit indicating some porosity, but still 
has good gloss and free from etching. Scribe mark 
is now 4%” wide, indicating slight scaling occurred. 

Similar condition to panel 76. 

Paint off. Undercoat (Porcelain) appears duller than 
it was originally. Scribe mark is 4%” wide indicat- 
ing loss of porcelain. Porcelain has eroded along 
edges. Lower left corner shows metal erosion for 

Few blisters to 14” scattered along either side of 
scribe; heavy rust in scribe. 

Undercoat (Vinyl VIP) completely lifted from metal 
as a mass of large blisters. Back face has entire 
coating raised in a large blister 4” high at center; 
and surface dry underneath; upper half has no 
intact A.F. paint. Panel removed. 

Similar to panel 80. Panel removed. 
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Official U. S. Navy Photo 


“POP-UP” tests off San Clemente Island demonstrate the submerged launching of the POLARIS ballistic missile. The fa- 
cility is operated by NOTS Pasadena with material support by LBNSY. Missiles are supplied by Lockheed Missile Systems 
Division, launcher system by Westinghouse and Naval Air Engineering Facility, and the launcher vessel was built by Mare 
Island Naval Shipyard. 
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EVOLUTION OF THE CARGO SHIP 


This article was published in the February and March 1958 editions of “The 
Marine Engineer and Naval Architect.” It is based on the 1958 Amos Ayre 


Lecture of The 


Chairman of William Doxford & Sons (Shipbuilders) Ltd. 


the first world war only steam-driven 
cargo ships were built, and on its termination prac- 
tically all cargo shipbuilders continued to build 
steamers driven by triple expansion or, in a few 
cases, quadruple expansion steam engines. The firm 
with which I have been connected since 1930, how- 
ever, did build a limited number of motor ships, but, 
as their oil engine was only in the early stages of 
development, these motorships appeared almost pro- 
hibitively expensive in comparison to the steamer 
and I think only two small British tramp ship- 
owners (the late Lord Runciman and the late Sir 
William Reardon Smith) really persevered with the 
motorship, to, I think it must now be admitted, their 
ultimate great benefit. 

The original “Economy” tramp evolved by the 
Ayre brothers, and which they succeeded in selling 
in what for those days were large numbers, carried 
about 7,700 tons deadweight at 9 knots with a coal 
consumption of only 16-17 tons per day on a route 
like U.K.-River Plate and cost only about £65,000; 
I pay them my tribute for a wonderful tramp ship. 

When I commenced my own career as a designer 
and builder of motorships in 1930, this was the 
proposition the motorship was up against, and with 
the oil engines available at that time it was difficult 
to see how it was to compete with these economical 
and cheap steamers. Furthermore, the coal vs. oil 
controversy was on with intense propaganda being 
made on behalf of coal, it being even suggested by 
quite important people that the British Navy should 
go back to coal burning, and many British ship- 
owners, especially in Wales, would not consider 
motorships for this reason alone. 

The general appearance and arrangement of the 
six types of ship to be considered are shown in Figs. 
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1 to 6, the initial designs, or prototypes to be more 
modern, being associated with the following years: 
1920; 1924; 1934; 1938; 1954; 1957; the main tech- 
nical particulars of each type are given in Table I. 


APPEARANCE 


As will be seen from the outlines, the main features 
affecting the overall appearance are the stem, stern, 
funnel, and midship accommodation, but I think it 
fair to say that changes in all four items, while un- 
doubtedly greatly improving the appearance of the 
ships, were really brought about by economic con- 
siderations. 

The raked stem was the result of tank experi- 
ments on models in waves. The raked stem not only 
gave better waterline angles from the resistance 
point of view, but, when pitching in waves, the 
greater buoyancy of the bow above the normal 
waterline was shown to give much improved seago- 
ing qualities. 

The cruiser stern was made feasible by the smaller 
propellers, which became possible because of the 
higher revolutions employed in the diesel engine, 
and, in consequence, the after waterlines were 
lengthened and their angles reduced with a material 
increase in propulsive efficiency. 

The much larger funnels, still increasing in cross- 
sectional area, were also due to the diesel engine, as 
they had eventually to house the exhaust pipes from 
engines and boilers and at the same time provide 
ample natural ventilation to the engine and boiler- 
rooms. 

Finally, the modern streamlined appearance of 
the deckhouses is principally due to the well-known 
series of experiments carried out at Teddington on 
the wind resistance of deck structures, etc. 
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THE CARGO SHIP 


TaBLE I—Particulars of Doxford-Built Cargo Motorships 


Ship type 1920 1924 1934 1938 1954 1957 
420 ft. 0 in 375 ft. 0 in 412 ft. Oin. 421 ft. 11 in. 450 ft. 0 in. 470 ft. 0 in. 
B, breadth (molded) ............... 54 ft. Oin 52 ft. 2% in. 53 ft.114%in. 56 ft. 2% in. 62 ft. Oin. 67 ft. 0 in. 
depen 29 ft. 0 in 28 ft. 3 in. 28 ft. 8 in. 29 ft. Oin. 30 ft. 6 in. 31 ft. 8 in. 
10 ft. 0 in 9 ft. Oin. 9 ft. in. 10 ft. 0 in. 10 ft.0 in. 10ft. 0 in. 
4ft.0in 4 ft.6 in. 4 ft. 6 in. 4 ft. 6 in. 5 ft. 3 in. 5 ft. Oin. 
*Tween deck height ................ 8 ft. 0in 8 ft. Oin. 8 ft. 6 in. 9 ft. Oin. 9 ft. 0 in. 9 ft. 0 in. 
25 ft. 736 in. 25 ft. 4% in. 25ft.6%in. 25ft.10%in. 26ft.834in. 27 ft.4\%in. 
30 ft. 4 in. 
0.772 0.78 0.735 0.73 0.7136 0.708-0.722 
CV), 10%, 10 1034 12 13% 1434-1444 
4cyl. 3 cyl. 3 cyl. 3 cyl. 4cyl. 6 cyl. 
Engine construction ............... Cast iron frame and Welded frame and bedplate 
bedplate 
560 mm 540 mm. 520 mm. 600 mm. 700 mm. 670 mm. 
ee eer ee ae 1,160 mm 1,080 mm. 1,200 mm. 1,340 mm. 1,340 mm. 1,340 mm. 
1,160 mm 1,080 mm. 880 mm. 980 mm. 980 mm. 980 mm. 
Fuel consumption, lb/bhp/hr. ...... 0.44 0.40 0.355 0.35 0.35 0.35 
Fuel consumption (main engine) ... 12% 7% 634 914 18 2512 
Boiler consumption (steam 
9,056 8,216 9,215 9,540 11,120 12,450-14,660 
3,758 2,940 3,087 3,344 4,130 5,040 
2,473 2,049 2,197 2,351 2,751 3,400 
Outfit, including auxiliaries ........ 581 426 500 524 694 740 
754 465 390 469 685 900 
Cargo deadweight .............2.:: 7,944 7,412 8,539 8,741 9,865 10,905-13,068 
Deadweight 
$$ 0.707 0.736 0.749 0.740 0.729 0.706-0.739 
Displacement 
Cargo deadweight 
0.620 0.664 0.694 0.678 0.647 0.623-0.663 
Displacement 
er 62.14 60.45 58.44 61.04 61.18 60.98-50.82 


SIZE AND SPEED 


Before and between the world wars I think it is 
broadly correct to say that the vast majority of 
cargo ships were built for “tramping,” that is they 
went anywhere in the world where cargoes were to 
be found, and their size and particularly their draft 
had to be such that they could be used on at least 
a majority of the principal routes where such car- 
goes were most likely to be available, e.g. the Black 
Sea, the River Plate, and so on, where harbor en- 
trances were the determining factors. The “special- 
ist” ships of today were few in number, and ore- 
carriers, trans-atlantic coal ships and bulk-carriers 
in general were comparatively rare. 

For these reasons, up to the beginning of the last 
war, a cargo ship of 9,000 tons total deadweight 
(cargo, bunkers, etc.) was a large ship, and 6,500- 
8,500-tonners were quite usual. Now the specialist 
bulk carrier is common (the grain trade from the 
Black Sea and the River Plate having become rela- 
tively unimportant), and the size of the tramp has 
increased accordingly. 


The bigger a cargo ship the more economical she 
is to run provided full cargoes are obtainable, and 
thus the causes of the increased size of the tramp 
today are obvious. The reasons for the increase in 
speed from 10 knots (or less) in 1920 to 14 knots 
(or more) today are not, however, so clear, and it 
may be noted that quite a proportion of the tramp 
tonnage at present on order will have a somewhat 
lower speed (12-13 knots). 

The ratio of deadweight to displacement tended to 
increase in the twenty years to 1940, due to lighter 
machinery and hull weights, but it has since tended 
to decrease again on account of higher speeds, de- 
spite the large weight-saving due to welding. 


POSITION OF MACHINERY 


Quite a number of cargo vessels are now being 
built with the machinery space right aft instead of 
in the more normal amidships position, and increased 
consideration is at present being given to the feasi- 
bility of this arrangement by shipowners and ship- 
builders. The advantages are quite material, the 
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greatest gain being the improved workability of the 
resulting cargo spaces; a hold in way of the parallel 
body is acquired for the loss of the narrow after 
hold, which is, moreover, much broken up by the 
tunnel and shaft recess. A gain in cubic capacity of 
between 4 and 7 per cent can be achieved. 

In positioning the machinery aft, it is desirable 
from trim considerations to place all the accommo- 
dation aft as well, and this should result in an over- 
all reduction in the cost of accommodation and serv- 
ices. One hears arguments against such a position 
from the consideration of visibility, but I find this a 
little difficult to appreciate and would suggest that 
once again psychological prejudices and “accepted 
practice” may have a greater sway over decisions 
than actual practical problems. 

The above advantage of having decks in way of 
the cargo hatches clear of such obstructions as 
bridges and accommodation structures in particular, 
should give greater scope in devising new types of 
cargo handling appliances as opposed to the present- 
day derrick and winch, which I have always thought 
to be a crude method of cargo handling. 

Having pointed out the many advantages of ma- 
chinery aft, one naturally asks: “Why still continue 
the practice of placing the machinery amidships?” 
The answer is, of course, the question of trim. In a 
loaded condition a homogeneous cargo distributed 
thoughout the available space normally results in a 
large trim by the head which will be accentuated in 
the loaded arrival condition, this trim by the head 
being further increased by the present-day trend of 
building to a closed shelter deck draft and with 
greater speeds requiring the longitudinal center of 
buoyancy to be placed further aft for minimum re- 
sistance. 

In the ballast condtion an excessive trim by the 
stern would require the inclusion of a ballast tank 
in the form of a deep tank at the forward end. This 
in turn gives rise to large bending moments and the 
additional material required to overcome such mo- 
ments would cancel any saving in weight obtained 
by eliminating the tunnel, shafting, and bearings; 
incidentally, in reducing the length of shafting and 
the number of bearings, a saving of not less than 1 
per cent in power can be expected. 

In the early 1930s, when engaged on designs for 
an “economy” motorship we started off with en- 
gines aft, but although we drew out dozens of 
designs, we failed to produce one which was accept- 
able to the ordinary tramp owner on account of the 
resulting bad trim conditions. I do not think that 
machinery aft is suitable in the pure tramp ship, but 
with the increasing proportion of “specialized” cargo 
carriers being built, we shall probably see more of 
such cargo ships being built with machinery aft. 


HULL FORM 
Over the period under review forms have been 
improved mainly as a consequence of tank model 
tests, with resulting decreases in resistance of up 
to 8 per cent. Further decreases of about 5 per cent 
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have been obtained by the adoption of well-designed 
cruiser sterns and streamlined sternframes and rud- 
ders. 

The 1920 type vessel with C value of 0.69 had a 
resistance in the order of 12 per cent higher than 
the 1957 vessel of the same dimensions and block 
coefficient with a C value of 0.60. 


Undoubtedly the most important change in ship 
construction over the period has been the general 
adoption and acceptance of electric welding, which, 
apart from its effects on the vessel, has completely 
transformed the appearance of the shipyard and the 
previously accepted methods of work. 


The all-welded ship is now a proved success even 
with the qualities of steel at present available. When 
more ductile and less “brittle” steels are forthcom- 
ing at economic prices, then the all-welded ship 
should hold the field for many years to come. 


ACCOMMODATIONS 


The passing of time has seen great changes in the 
accommodations on seagoing vessels. Prior to the 
late 1920s ratings lived in the forecastle, as many as 
16 persons in one compartment sleeping in double- 
tiered berths and eating in the same room as they 
slept. 

Sanitation was overside from evil-smelling cubby 
holes, washing equipment was very limited, heating 
was in general by means of bogey stoves and venti- 
lation from natural atmosphere by torpedo venti- 
lators. Storerooms in general were ill-placed and 
unhygienic with no means of keeping meat other- 
wise than in an insulated box, and invariably to 
reach the galley meant a 50-yard open deck walk 
from the accommodation. 


In general no particular interest was taken in im- 
proving crew accommodation in cargo ships until 
1936, when the Rules for Masters and Crew Spaces 
were considerably improved, and in 1953 new 
regulations came into operation improving still 
further the standards of comfort and hygiene on 
shipboard, the following being but a few of the im- 
provements which have taken place in the last 
thirty years. 

Every officer and engineer to have a room to himself. 

Deck and engine-room crew not more than three men per 

room. 

Floor area 30 sq. ft. per person, compared with 12 sq. ft. 

in 1923. 
Height of cabins not less than 7 ft. 6 in. as against 6 ft. 0 
in. in 1923. 

Mess rooms separate from sleeping rooms and adjacent to 

the galley. 

Insulation against excessive heat and cold to be arranged. 

Bed head lights for every member of the crew. 

Mechanical ventilation to all accommodation and store- 

rooms. 

Heating by hot air instead of by bogey stoves. 

Boundary bulkheads and linings of material which is 

vermin proof, instead of tongued and grooved boards. 

All accommodations to be adequately rat-proofed. 

Lighting sidelights about 16 in. diameter instead of 10 in. 

Washbasins with running water in all officers’ and engi- 

neers’ rooms and separate washplaces with batteries of 
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washbasins for crew. 

Shower baths for all different departments. 

Iron beds to be vermin-proof construction. 

Writing facilities in all rooms. 

Overboard discharges for all washbasins, etc. 

Toilet lockers and book racks for all crew. 

Curtains for sidelights and beds. 

Recreation room for crew. 

Smoke-room for officers. 

Galley and pantry fittings to be vermin-proof. 

Separate accommodation for apprentices with adequate 

room for study. 

Cooled drinking water supply. 

Refrigerated cold storage facilities for meat, etc. 

Hot and cold fresh water to washbasins, baths, etc. 

Facilities for washing and drying clothes. 

Hospitals with separate bathroom on all vessels, together 

with medical cabinets. 

Mosquito protection. 

The tendency of the more up-to-date vessels 
building today is to go even farther than the regu- 
lations in setting standards for accommodations 
which were undreamed of some thirty years ago. 
These include separate rooms for each man with all 
fittings and walls of plastics, separate laundry with 
washing, ironing and drying machines, air condition- 
ing, swimming pool, etc., the primary object being 
that the designing of the living accommodation of a 
ship is as fundamental to the success of the vessel 
as the hull form or speed. 


CARGO-HANDLING FACILITIES 


The developments in cargo-handling equipment 
on shipboard have not kept pace with the progress 
in hulls or machinery. The derrick and winch re- 
main almost the same today as they were forty 
years ago, whereas in general workship practice full 
advantage has been taken of the modern mechanical 
handling devices. 


While the derrick and winch unit as a whole has 
not been developed this is not true of the compon- 
ent parts, in particular the winch where improved 
types of gear, enclosed and totally enclosed oil bath 
steam winches, take the place of the open type 
steam winch with the resultant improved speeds of 
lift and great saving in maintenance costs. 


With the greatly increased power of the main en- 
gines, and the necessity for fitting all electric engine- 
room auxiliaries (by reason of steam consumption 
and fuel economy), it has been found more econom- 
ical to fit electric deck auxiliaries and accordingly 
most modern tramp vessels are thus equipped with 
electric winches giving an improved efficiency and 
higher speed of lift with negligible maintenance 
costs. 


The topping of derricks prior to discharging has 
always been a long operation due to the fact that 
the cargo wire had to be part wound off the winch 
barrel before topping the derrick. This operation 
has been simplified by the introduction of the top- 
ping winch which may be separate or integral with 
the cargo winch and engaged by clutch. The cargo 
handling equipment on tramp ships employed in 
the bulk cargo trades is rarely used and as more and 


more specialist tramps are built the future may see 
the disappearance of derricks and winches from this 
type of vessel. Quick turn round in port and mainte- 
nance costs always in the forefront of the shipown- 
ers’ mind has led to various changes in hatch cover 
designs over the years, viz. steel bands on the ends 
of wood hatch battens, steel hatch battens, rolling 
hatch beams of various types, and in recent years 
the development of the sliding steel watertight hatch 
covers. 


STRUCTURAL CHANGES 


The particulars given for the 1920 type are those 
of a vessel built specifically as an open shelter 
decker, though by merely closing the tonnage open- 
ings and making a few minor alterations, these ves- 
sels could, under the then existing classification and 
freeboard rules, be operated as closed shelter deck- 
ers with an increased draft of about 2 ft. 9 in. An 
extraordinary situation which was not remedied un- 
til the 1922 revision of the rules, when increased 
draft demanded appropriate increased scantlings. 

The relative positions of machinery bunkers, and 
cargo distribution has changed materially during the 
years. At the beginning of the period, machinery, 
coal bunkers, and often a deep tank were concen- 
trated amidships, with the rsult that the stresses on 
the deck were greatest in the sagging condition, 
when buckling of the strength deck could and did 
occur in ballast. 

With the use of oil fuel, and more so by the in- 
troduction of the oil engine, this situation was some- 
what alleviated by the distribution of bunkers with- 
in the double bottom tanks, but, until the introduc- 
tion of the 1922 Rules, the closed shelter deck ves- 
sels in particular were showing some comparatively 
high tensile stresses in the decks with the deep 
tanks empty, and even after these rules the calcu- 
lated values of the stresses were not leaving a great 
margin of safety in the hogging condition. 

On the introduction of the 1948 Rules, further in- 
creases in longitudinal strength were made by the 
redistribution of material, resulting in a sectional 
modulus increase of about 10 per cent—an import- 
ant achievement. 

With the increasing speed of ships, resulting in 
more powerful and heavier machinery and a de- 
crease in block coefficients, redistribution of cargo 
gave additional cargo weights towards the ends 
above the waterline, possibly accentuated by the 
provision of forecastle, *tween decks aft, and poop 
cargo spaces. 

The characteristics of ships as related to weight 
distribution and supporting buoyancy were thus alt- 
ering so as to produce increased stresses on the hull 
structure. A comprehensive factor was finally in- 
troduced, and not before it was required, in the 1956 
Rules, which takes account of weight of machinery, 
length and position of machinery space and any 
adjacent bunkers, deep tank empty in loaded condi- 
tion, cargo in poop and forecastle spaces, all as 
related to block coefficient length, draft, and speed 
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length ratio. Over my 1954 design, the resulting in- 
crease in steel weight was about 15 tons. 

The benefits to longitudinal strength of longitud- 
inal framing in bottom and decks has been long ap- 
preciated, but it introduced constructional and erec- 
tion difficulties until the advent of prefabrication; 
now I am sure all ships should be so constructed. 


THE ECONOMIC CONSEQUENCES OF WELDING IN LIEU OF 
RIVETING 


To make a true comparison of the great savings 
and advantages due to welding in a cargo ship, I 
have taken my 1954 type (particulars in Table I) 
which was largely welded but which still incorpo- 
rated a certain amount of riveting, and have made 
the necessary corrections for the ship as all-welded, 
the technical particulars being given in column 1 of 
Table II. The machinery installation as fitted is 
maintained, giving a theoretical service speed of 14 
knots with a clean hull. 

The completely riveted ship of the same dimen- 
sions is obtained from data of a post-war vessel in 
which very little welding was used. Initially the de- 
sign was adjusted by the addition of 25 tons to cover 
complete riveting, and further adjustments were 
made to bring the dimensions and specifications into 
line with the welded design, after which the light- 
weight was increased to allow for the inclusion of a 
cast iron bedplate type engine of equivalent power 


to the welded design. Technical particulars are 
given in column 2 of Table II from which it will be 
seen that a saving in net steel of 327 tons, or about 
11 per cent, has been made on the hull and 128 tons 
on the engine, making the total deadweight 455 tons 
less. 


To provide a sound basis for comparison, I con- 
sider that the all-riveted ship could have an identical 
cargo deadweight to that of the all-welded ship on 
some given voyage and at the same service speed 
of 14 knots. 


The voyage length used is 50 days without refuel- 
ing, which results in a cargo deadweight of 9,915 
tons, with a safety factor of 10 per cent on the fuel 
consumption. 

In calculating the respective horsepowers re- 
quired, factors of 0.9 and 1.1 were used to derive 
s.h.p. from e.h.p. for the welded and riveted hull, 
these being the values recommended by the N.P.L. 
tank, and which, of course, have a very considerable 
effect on producing the increased power and large 
engine size required for the all-riveted design, but 
which I believe to be well justified from extensive 
recorded sea service data for ships built by my 
own firm. 


The increased factor of 1.1 makes allowance for 
initial roughness caused by plate edges and rivet 
heads. It will thus be appreciated that roughness 
due to fouling will have a much greater initial effect 


TaBLE I]—Design Particulars 


Type All-welded Riveted. Accepted design 
450 ft. 0 in 450 ft. 0 in. 470 ft. 0 in. 
OE er ree 62 ft. 0 in. 62 ft. 0 in. 65 ft. 0 in. 
30 ft. 6 in. 30 ft. 6 in. 30 ft. 6 in. 
BO RE eee 26 ft. 6% in. 26 ft. 6% in. 26 ft. 6% in. 
26 ft. 834 in. 26 ft. 956 in. 26 ft. 956 in. 
Net steel, rivets, and electrodes .... 2,683 3,010 3,254 
Net tonnage 3,710 3,986 
Engine construction ...............- Welded frame and Cast iron frame and 
bedplate bedplate 

Fuel consumption, tons per day .... 19 19 24 
Particulars for a 50-day voyage:— 

110 110 110 

Stores, lubricating oil, crew, etc. .. 50 50 50 

1,255 1,560 1,530 
Cargo deadweight ............... 9,915 9,155 9,915 
Total 11,170 10,715 11,445 
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THE CARGO SHIP 


on power losses with the smooth welded hull than 
with the riveted hull, where turbulence is already 
present in the clean condition. In making an eco- 
nomic comparison between the two designs, some 
allowance has been made for the maintenance of the 
welded hull in clean condition above that required 
for the riveted hull. 


Particulars of the resulting design are given in 
column 3, Table II. It will be seen that to carry the 
same cargo deadweight the riveted ship must have 
20 ft. more length, 3 ft. more beam, and a net dis- 
placement 1,145 tons greater than the welded ship. 
The saving in steel amounts to 571 tons and the 
b.h.p. of the engine for the same speed has to be 
increased by 1,200 with a consequent increase in 
fuel consumption of 5 tons per day. 


The costs of material and labor (hull and ma- 
chinery) for the riveted and welded vessels at May 
1957 have been carefully calculated and found to 
be as shown in Table III. 


TABLE III 
Hull and machinery Riveted Welded 
vessel vessel 
Material 528,987 465,455 
Labor 224,146 194,297 
Total 753,133 659,752 


Establishment charges have not been dealt with, 
though undoubtedly these are reduced in the case 
of the welded hull. 

It will be noted that the gross steel weight of 3,500 
tons in the riveted hull is reduced by about 17% per 
cent to 2,895 tons in the welded hull, and that the 
net cost (hull and machinery) of the all-welded ship 
carrying about 9,900 tons cargo deadweight at 14 
knots speed on the basis of a 50-day voyage is about 
12% per cent less than the all-riveted ship carrying 
the same cargo deadweight at the same speed, with 
a 20 per cent saving in fuel consumption. 

Quite an important series of advantages due to 
the use of welding in hull and machinery! 


THE FUTURE 


Can we expect improvements of corresponding 
importance and magnitude in the foreseeable future, 
and, if so, what form are they likely to take? 

Let me first enumerate the principal advances in 
the period dealt with, thus: — 

(1) Reductions in hull steel weight due to more 
scientific use and distribution of the material. 

(2) Reduction in hull resistance and improvements 
in propulsive efficiency in its various aspects. 

(3) Welding in lieu of riveting of hull and welded 
structure of engines in place of cast iron and/or 
steel. 


(4) The continual improvements in propelling ma- 
chinery and the emergence of the oil engines as 
the principal propelling agent for cargo ships. 

(5) The continual increase in speed made possible 
by items (2) to (4) above. 


STEEL WEIGHT 


It appears very doubtful if much more can be 
done to reduce hull steel weight by more scientific 
design as has been done in the past, in fact, as I have 
pointed out, some extra steel has had to be intro- 
duced to cope with the bigger stresses caused by 
changes in hull form, lighter machinery and redistri- 
bution of cargo that have been brought about in 
conjunction with the increased speeds of modern 
cargo ships. It seems, therefore, that any further 
material reduction in hull weight can only be 
brought about by the use of some substitute mate- 
rial of lighter weight and, apart from aluminum 
alloys, no practical substitute has yet appeared, nor, 
so far as I know, is there anything even in the ex- 
perimental stage. 


RESISTANCE 


When one considers that the brains and skill of 
shipbuilders, experiment tank staffs, research asso- 
ciations, etc., at home and abroad have been so 
much concentrated on resistance and propulsion for 
many years past, it seems unlikely that any great 
advances can be made in this respect in the near 
future. 

What I think is important, however, is that we 
should not be blinded by our efforts to obtain the 
highest speed in smooth water with the power avail- 
able. 

In my experience it is not invariably the ship with 
the best “tank” performance that gives the best re- 
sults over the year, and I believe that a lot of re- 
search should still be devoted to scientifically and 
methodically recording sea performances, correlat- 
ing these to tank forecasts and comparing carefully 
the service performance of a series of apparently 
similar ships in an attempt to establish the effect of 
rolling, pitching, and sea-going qualities in general 
on speed and performance in average service. 

I would emphasize the importance of maintaining 
the initial smoothness of the underwater hull in 
welded ships, and suggest that research should con- 
tinue on means of obtaining this most desirable end; 
sand-blasting of the plates is becoming popular and 
may become universal practice. 


WELDING 


Welding has undoubtedly been the most revolu- 
tionary change during the period under review, and 
has naturally brought about much intensive thought 
on the part of all concerned, shipbuilders, ship- 
owners, and makers of electrodes and welding 
equipment. There is still plenty of scope for inge- 
nuity regarding the development of automatic weld- 
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THE CARGO SHIP “M.E. & N. A.” 


TasBLe IV—Calculation of the Economic Effect of Speed for a Particular Vessel 


it 
Vessel 470 ft. 0 in. b.p.67 ft. 0 in. Beam mld.X<40 ft. 8 in. Depth mld.x30 ft. 4% in. (closed shelter). Loaded displacement: 
19,705 tons. Net tonnage: 5,700 (say the same for both cases). t 
es 4,800 b.h.p. 7,200 b.h.p. 
14,820 tons 14,490 tons fi 
CONSUMPTION 19 tons per day 2812 tons per day te 
Voyage: Hampton Roads to Rotterdam, 3,490 nautical miles. 
Coal at 30/— and 100/— (free discharge), say 4 days discharging and 4 days loading 
Port dues: 1/— per ton per day. Fuel at 260/— per ton (diesel). 
Assume the return journey is made in ballast. 
Sea voyage (single) .............. 10.77 9.38 
Round voyage, days ................ 29.54 27.76 
Number of voyages per annum 12.89 
Fuel on ballast run ................ 10.77 X15—=162 9.38 X 2814 X1.1 
Fuel on loaded run +10% ......... 10.7719X1.1 =294 &« 
—=225 a 
Fuel per round voyage ............ — 519 th 
387 ce 
Loaded Departure: li 
Stores, fresh water, etc. .......... 165 165 u 
Loaded displacement ........... 19,705 19,705 fr 
in 
Fuel consumed per round voyage .. 367 X £13 492 £13 of 
Fuel cost per annum .............. £55,725 £82,441 or 
Daily expenses, say £200 per day .. 73,000 73,000 ” 
Port dues per annum .............. 26,630 29,389 to 
Freight per voyage ................ 21,645 72,150 21,046 70,155 
Freight per annum ................ 252,814 832,712 271,283 904,298 
Freight less fuel per annum ........ 197,089 786,987 188,842 831,857 
99,630 99,630 102,389 102,389 


Thus, at the high freight rate the faster vessel is 542% less efficient than the slower one, but when the freight rate drops 
to 30/— the relative efficiency of the faster vessel likewise drops and becomes 20% less efficient than the slower vessel. 
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ing machines and their methods of application, but 
nothing very revolutionary seems on the horizon in 
this respect as yet. 

MACHINERY 


As my lecture deals with cargo ships, I shall con- 
fine my thoughts on the future to machinery likely 
to be available and most suitable for such vessels, 
which at present appears to be 

(a) the diesel engine; 

(b) the steam turbine with oil-fired boliers; 

(c) the gas turbine; 

(d) variations or combination of the above, e.g. 

the so-called free-piston engine; 

(e) the steam turbine in conjunction with steam 

produced by nuclear energy. 

Though cargo ships are being built with engines 
of 10,000 b.h.p. and more, they are of the liner cate- 
gory, built to fulfil some particular requirement. In 
a shipyard such as that with which I am connected, 
the cargo tramp of 6,000 b.h.p., with a small per- 
centage up to about 8,000 b.h.p., is about the upper 
limit envisaged at present and within the near 
future. 

SPEED 


The gradual increase in the speed of cargo vessels, 
from 10 knots or less to 14 knots or more, as shown 
in my examples over the past 35 years is, of course, 
of vast importance and significance, and from all 
one reads in the press and technical journals it 
seems to be taken for granted that speeds will tend 
to increase still further. It may appear stupid for 


Two sets of Denny-Brown roll stabilizing fins have been installed in the 
QUEEN MARY. Each of the four 82-square foot fins has an outreach of 
eleven feet and a cord of seven and one-half feet. In operation, the fins 
change attack angle through a range of twenty degrees on either side of 
neutral. Each fin produces 96 tons of lift at its maximum attack angle at 
30 knots. In her first crossing after installation the gear was used nearly 
half the time, reducing amplitude from about fifteen degrees to one and 


one-half degrees. 


—from MARINE ENGINEERING /LOG, June, 1958 


me to venture to ask if this great increase in the 
speed of cargo vessels is wholly justified, in face of 
the fact that so many British and the great majority 
of foreign shipowners appear, from the ships they 
are building, to have little doubt on the matter. But 
as a shipbuilder and a technician I like to work, so 
far as possible, on known facts, and it is easy to 
show, on paper at any rate, that the facts as ex- 
pressed in profits over the years are not on the side 


of speed. 


Many a weary but interesting hour have I spent 
in my younger days designing a series of ships of 
varying speeds for the prospective client, and al- 
ways the financial results clearly favored the slower 
(if not the slowest) of these alternatives. In not 
every case, however, did my client follow the 
“facts” and build the slower ship, often deciding 
that “I had better give her another knot as you 
never know what will happen in the future.” 


I do not propose to go into detailed figures of first 
cost, running costs, etc., etc., as these have been 
ably dealt with in a recent paper by Mr. F. W. 
Bolton, but my own calculations and those in that 
paper appear so incontrovertible that I raise the 
point in the hope that some owners may have an- 
other look at their figures, especially now that these 
may be based on more normal and, I believe, more 
realistic freight rates. It may be economical to carry 
coals from North Africa to Europe at 15 knots with 
a freight rate of 100/-per ton, but is it so with a rate 
of 30/- or less? The calculations in Table IV seem 
to answer in the negative. 
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These two discussions concern the article “The U.S. Merchant Marine and 
Obsolescence,” published in the January 1958 edition of “U.S. Naval Institute 
Proceedings,’ and reprinted in the May 1958 JournaL. The author of the 
article was Captain E. B. Perry, USN (Ret.). The first discussion is by Cap- 
tain Robert T. Sutherlands, Jr.. USN (Ret.), Secretary-Treasurer of the 
American Society of Naval Engineers in 1945. Mr. David J. Barry, of the 
Conversion Design Branch of the Bureau of Ships, is the author of the sec- 
ond discussion. These discussions are reprinted from the July 1958 edition 
of “U.S. Naval Institute Proceedings.” 


C APTAIN RosBert T. SUTHERLAND, JR., USN (RET.). 
—It is unfortunately inevitable that Captain Perry’s 
article will contribute to readers’ judgment of Mari- 
time Administration performance. For that reason, 
if no other, inaccuracies in the article should not be 
left unnoted, nor opinions go unchallanged and per- 
mitted to masquerade as facts. 

The article states that “when the emphasis was 
first placed on obsolescence based on age, the ship- 
yards had just about completed the Mariner pro- 
gram and they were hungry for work.” One might 
assume that shipyards had recently had a hand in 
setting up the “straw man, Obsolescence.” Not so! 
Twenty-year obsolescence is not news. Public Law 
835, of the 74th Congress, which first established the 
U. S. Maritime Commission, provided that operat- 
ing-differential subsidies should be restricted to ves- 
sels less than twenty years old unless plainly in the 
public interest to make exceptions. 

The twenty-year figure for obsolescence is, the 
author insists, “arbitrary.” Correctly, he seems to 
classify an “arbitrary” decision as unreasoned or 
arrived at by caprice. But, there is another and a 
preferred definition of “arbitrary.” It may be used 
to identify a decision arrived at by the exercise of 
will or discretion. As taxpayers we may dislike to 
believe that our Congress was being capricious in 
establishing the twenty-year figure. 
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No one has said that the “obsolete” replaced ves- 
sel is necessarily useless. The above-mentioned law 
provided for the purchase of old or inadequate ves- 
sels from owners at a reasonable price, the money to 
be applied as a portion of the cost of the new vessel 
to be paid by the applicant. If the old ship purchased 
is of limited commercial or military value, she may 
be sold under certain conditions, or scrapped. Other- 
wise, she goes to a reserve fleet. 

The author assures us that, as applied, obsoles- 
cence “has nothing at all to do with the condition 
of the vessel, her design, construction, or her ability 
to do the job in which she is engaged.” Who else, 
acquainted with the situation, would make such a 
statement? What supports the bald claim: ‘Each 
and every subsidized vessel is, today, undoubtedly 
a better vessel than it was the day it was delivered 
to the owner?” Anyone can find for himself the 
multitude of exceptions to that statement. An ex- 
pert would be hard put to identify one ship that 
could illustrate its truth. 

We are told of vessels fifty years in age, faithfully 
going about their business in the Great Lakes and 
in coastal service. In neither place are those old 
ships operating against foreign competition. In both 
locales they enjoy shelter and protection under our 
laws—if you will, another method of subsidization. 
Fresh water routes have their advantages from a 
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corrosion point of view; some voyage hazards are 
reduced or eliminated in such service. 

We seem expected to believe that only subsidized 
vessels are ever replaced by bigger, faster, and bet- 
ter ships. The fact of the matter is that many un- 
subsidized operators have built new tankers, ocean- 
going ore carriers and other types, in the interest 
of improving profit potential. 

It is not necessarily so that “the replacement ves- 
sel must seek the same general run of cargo which 
is being lifted by the vessel which it replaces, and 
at the same rates.” Logically, a replacement ship 
might hope to carry cargoes denied her predecessor 
because of lack of speed, refrigerated capacity, suit- 
able tankage, proper handling facilities, or the in- 
ability to safely meet the physical limitations of a 
port. Nor is it quite true that the typical American 
shipper is only interested that “his commodities shall 
be moved at the least cost to him per ton-mile.” His 
problems are seldom so simple. 

Unnecessary tears are shed for the subsidized ship 
owner and operator who, over a 20-year period has 
to pay approximately half of the cost of new ships. 
He has received a reasonable value for his old ship 
while insuring that it will not be employed in com- 
petition against him. He has a “capital reserve fund,” 
required by law, in which out of gross earnings 
while subsidized he has been obliged to annually 
deposit depreciation charges based on the 20-year 
expectancy of his old ship, supplemented by insur- 
ance proceeds he has received. In addition, the con- 
tractor may be able to draw on a “special reserve 
fund” in which he has been obliged to annually de- 
posit any excess profits he has made. Public Law 
835 provided that the contractor had to make a 
down payment aggregating 25% of the owner’s 
share of the cost of the vessel, and could secure a 
20-year mortgage for the remainder at 312% interest 
annually. Now, to encourage public investment in 
the Merchant Marine, the Merchant Marine Act of 
1936 has been amended to provide 100% federai in- 
surance on the mortgage of vessels built under the 
Act’s subsidy provisions. What other industries can 
finance capital investments on better terms or at 
less risk? Why, if conditions are so onerous, do 
steamship lines seek to maintain a subsidized posi- 
tion, and others try to justify subsidies for them- 
selves? It is not, as the article states, “clearly evi- 
dent that something—or someone—has got to give 
if the owner is to stay in business.” 

The article lauds the merits of merchant ships in 
service—and in almost the same breath cautions us 
against the very government program which fos- 
tered their construction and helped to meet their 
operating expenses. Every thinking taxpayer shares 
the desire to avoid subsidies and government regu- 
lation of private industry whenever practical. But, 
it is hard to see how any true service is rendered 
the Merchant Marine, the Navy, or the nation by 
counseling that our present ships should be run 
until they fall apart, instead of being replaced by 


new after reasonable service and put in reserve 
while still useful. Without a subsidy system and its 
built-in obsolescence rules we would have neither 
a going Merchant Marine nor a potentially invalu- 
able reserve of merchant ships. 


Mr. Davin J. Barry, ARLINGTON, Va. (Mr. Barry 
is in charge of the Conversion Design Branch of the 
Bureau of Ships).—The author, interested in steam- 
ship operation, indicated that perhaps the twenty- 
year life of merchant ships should be extended so 
as to allow owners operating certain ships to post- 
pone refinancing problems. This attitude evidently 
was based on an operator’s review of the financial 
situation, resulting from the acquisition of new ton- 
nage at the higher figures under which construction 
is now being replaced in the merchant fleet. 

From a national defense point of view, it would 
appear that obsolescence as applied to merchant 
ships is one of the most beneficial requirements that 
can be written into any of the shipping laws of this 
country. Only by the retirement of older and slower 
ships from active participation in the Merchant Ma- 
rine can the Navy hope to keep up its potential 
auxiliary strength in the event of major emergen- 
cies. 

In every major war in which this country has 
been engaged, the merchant ships have constituted 
a large percentage of the ships which comprised the 
auxiliary vessels of the fleet. 

In World War I, the building programs which 
were carried out by the Shipping Board are well 
known. It is remarkable that of the over three bil- 
lion dollars expended on the building of merchant 
ships, only about ten per cent of these ships were 
constructed prior to the end of hostilities in No- 
vember, 1918. Had it not been for the large tonnage 
taken over from foreign interests, the American 
war effort would have been severely crippled. 

Most of us are familiar with the role merchant 
ships played in World War II. Here again, not 
enough merchant ships were in being at the start 
of hostilities, and it was not until 1944 that merchant 
ship replacement and building became effective. It 
therefore seems obvious to conclude that merchant 
ships actually in being at the start of hostilities are 
an invaluable source for conversion to naval auxili- 
ary use. 

The total damage that was inflicted upon the 
merchant fleet by submarines in World War I and 
World War II was much greater than the damage 
they received from surface vessels. Yet it is well 
known that the speeds of underwater craft have 
been practically doubled in the last twenty years. 
This fact alone has a terrific impact upon the sur- 
vival and safety of the merchant ships which will 
be employed as adjuncts to the naval forces in 
future wars. It may be anticipated that future sub- 
marines will have a minimum speed of twenty knots. 
The United States Merchant Fleet at the end of 
1957 included about 1,600 Liberty-type (EC’s) ships. 
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These ships have a speed of about ten knots and for 
all practical purposes they should be considered 
obsolete for national defense use. 

Of the cargo merchant ships under effective 
United States control, only the Mariners (C4-S-la 
design) have speeds in excess of twenty knots. In 
the general cargo category, all the others such as 
the Victorys, the C2’s and the C3’s, have speeds of 
about sixteen to seventeen knots. 

Extreme care should be utilized to differentiate 
between naval and merchant requirements when the 
term “obsolescence” is used. For many types of 
auxiliaries which will be converted from merchant 
ships, it would seem that a twenty year limit should 
be the absolute maximum for the life of the mer- 
chant ship. It is well recognized that merchant ships 
of less than twenty knots speed could be used for 
those auxiliaries which do not require speed as one 
of their principal characteristics and do no operate 
with the fleet. However, if the Navy is to have a 
potential reserve of suitable merchant ships for use 
in another war, then it is mandatory to replace these 
slow ships, which are in the Merchant Marine fleet, 
with new fast ships. 

Examining the situation from a replacement point 
of view, it is not too comforting to observe that the 
majority of the cargo ships, with the exception of 
the Mariner-class, that are in the present day 
Merchant Marine were built in the early 1940’s and 
are fifteen years of age. Therefore, even if we 
started on a replacement building program now, 
most of these ships would be twenty years old be- 
fore new ships become available for naval auxiliary 
use. 

Aside from the use of the merchant ships as naval 
auxiliaries, another important facet of national de- 
fense was uncovered during the World War II. This 
was that the national economy for approximately 
170,000,000 Americans is closely tied up with ma- 
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terials which can be obtained only from overseas. 
During World War II the maintenance of the civilian 
economy of the nation was a severe drain on the 
merchant ships. Unless we have some assurance in 
the future that merchant ships are fast enough to 
bring in the supplies which we know will be re- 
quired, there will be a severe deterioration in the 
efficiency of our fighting forces. 

Although the article differentiated between sub- 
sidized and non-subsidized lines, it is obvious that 
in the event of war this differential will vanish. As 
in the past, when the chips are down, the Navy will 
have to rely on the merchant ships that are in being 
at the outbreak of hostilities to build up their 
auxiliary fleet. For this reason, the Maritime Ad- 
ministration should be backed to the utmost in its 
effort to bring new and fast ships into the merchant 
service. Their crusade to increase the basic speeds 
of merchant ships should be given every assistance. 

Probably the most potent assets to a good ship 
replacement program are in the contracts which the 
Maritime Administration is making with the large 
ship operating companies in the United States. 
These contracts are based on the requirements and 
objectives of the Merchant Marine Act of 1936 and 
at the present time the enactment of these fleet re- 
placement contracts is practically our only hope of 
obtaining new fast ships. While unsubsidized lines 
have played an important part in the American 
shipping picture, unless these operators themselves 
come forward with proposals to operate fast cargo 
ships as tramp steamers, which is sometimes finan- 
cially impossible, then the only solution to a strong 
Merchant Navy is the building of ships under these 
replacement contracts which the Maritime Admin- 
istration is entering into with the subsidized opera- 
tors. It is obvious that the ships in the present day 
merchant fleet are, by and large, obsolete from a 
practical national point of view. 
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an rival Conferences; a method for propeller shaft alignment using the Bore 
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go tests as well as Dock Trials and Post Repair Trials. 
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ng profession at the University of Buffalo where he served on the Mechanical 

‘se Engineering Staff from 1947 to 1952. From 1952 thru 1957 he served on the 

“_ staff of the State University of New York at Erie Tech in Buffalo. Since Janu- 

ain ary of 1958 he has been a Mechanical Engineer working with special weapons 

ay at Kirtland Air Force Base in Albuquerque, New Mexico. He attended Spe- 
* cial Weapons school at Sandia Base, Albuquerque, New Mexico. He is a mem- 


ber of several professional societies including the American Society of Naval 
Engineers, and the American Society of Military Engineers. 


ine PURPOSE Of this article is to stimulate interest 
in the moon, and to give impetus to our drive to get 
there first. To regard the moon as simply a base of 
operation for observation or counter attack, is one 
thing. To look at it as a possible, albeit remote, 
place to live under modified normal conditions is a 
more promising prospect. It is primarily for the lat- 
ter reason that this article is written. 

According to authorities on the subject the moon 
has little or no atmosphere and no water. Baldwin’s 
“Face of the Moon” appears to be a recent digest 
of authoritative published data on the subject cover- 
ing factual and theoretical information, together 
with the author’s very extensive contributions. In 
this book the author discusses among many other 
things, the moon’s origin, bulge, craters, and its at- 
mosphere, and what happened to its atmosphere. 


I will comment and theorize on the moon’s atmos- 
phere and possibilities of water briefly. 

Pertinent factual and theoretical information fol- 
lows: 

1. The moon has little if any atmosphere observ- 
able by present techniques.* 

2. When the moon was young and hot the gravita- 
tional pull of the moon was not sufficient to hold its 
gas.2 In other words, the escape velocity of the mole- 
cules exceeded the gravitational pull, and the gas, or 
most of it, escaped. 

3. Much of the atmosphere of the moon may have 
combined with elements in the moon’s crust form- 
ing oxides, sulphates, hydroxides, nitrates, etc., as 
apparently occurred on earth. 

4. Surface temperature of the moon in degrees 
centigrade are 134 bright side, 76 near limb,—153 on 
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the dark side.* 

I will comment on items 2 and 4 above and inject 
a hypothesis. Molecular velocity is a function of 
temperature. At some altitudes above the moon the 
temperature would be sufficiently low to slow the 
molecular velocity to the point where most of the 
gas would be held by gravity. This would be particu- 
larly true on the side away from the sun, where the 
temperature is very low. If this were not true most 
of the planets would have no atmosphere, because 
they were all supposed to have been very hot at one 
time. 

Now let us consider the temperature on the dark 
side of the moon. The measured —153°C seems to be 
somewhat high on two counts. First, when this tem- 
perature is measured, the dark side must be receiv- 
ing some energy from the earth, and is therefore 
hotter than when the Moon’s dark side receives no 
energy from sun or earth, as at Full Moon. Sec- 
ondly, the temperature measuring device probably 
reads a little high because it will pick up a small 
amount of energy from the earth’s atmosphere. So 
the true dark side temperature probably goes well 
below the condensing point of Oxygen (—183°C), 
and it may actually approach the absolute zero of 
temperature. Baldwin states that the temperature of 
the planet Mercury varied from 770°F on the hot 
side, to close to absolute zero on the cold side. It 
is fairly obvious at this point that if the atmosphere 
and moisture were now on the surface there would 
be continuous thawing and evaporation on the hot 
side, and condensation and freezing on the cold side. 
This is certainly not true to any great extent at pres- 
ent, or clouds would be visible, and the moon would 
have a larger amount of measurable atmosphere. 
So, the question arises, “Where is the moon’s at- 
mosphere and water?” 


First, let us consider rotation of the moon about 
its poles. Experts say that the moon slowed down 
to its present pace by the action of tides. Suppose 
we assume that it was orbited with little or perhaps 
no rotation, or was slowed to that condition by the 
action of one or more meteors striking the moon so 
as to decrease its rotation. To get to its present 
stage, where it rotates once a lunar month or about 
13 times a year, it might have to pass through the 
stage where it rotated but once a tropical year. In 
this possible stage early in its life, one side would 
have constantly faced the sun, while the other side 
was dark and cold. It is during this possible cycle 
in its life that I will discuss the moon further. 


This era in the Moon’s life could have lasted many 
millions of years. During this time, which would 
have been early in its life, one side would have al- 
ways faced the sun and would have been hot, and 
the other side would have faced away from the sun 
and would have been perpetually dark and cold. 
Radiation from the earth would have little influence 
on the dark side. Water would quickly have been 
evaporated on the hot side, and condensed and frozen 
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on the cold side. This would have been followed 
by condensation and probably solidification of most 
of the moon’s atmosphere on the cold side. When this 
process was completed the face of the moon on the 
sunny side would show no water and little atmos- 
phere. Now let us consider the effect of the fall of 
meteors, meteorites, cosmic dust, etc., which even 
now are constantly falling from the heavens. It is 
estimated that today each square mile of the moon’s 
surface receives from one to two meteorites a day.® 
These do not burn up, as there is no atmosphere on 
the moon to cause friction. This bombardment, 
which could have lasted many millions of years while 
the moon never exposed its cold side to the sun, 
could have completely blanketed the ice and liquid 
or frozen atmosphere. Furthermore, during this ear- 
lier life of our solar system the bombardment could 
have been much more intense than at present, and 
in all probability it was.6 So my hypothesis is that 
the moon’s atmosphere and water is on the moon, 
but buried under cosmic rubble sufficient to insulate 
it from the evaporating effect of the sun’s energy, as 
the moon rotates. The moon’s surface has low ther- 
mal capacity and it is probably a very good heat 
insulator.’ 

This brings up another interesting question or two. 
Where is the trove of ice and atmosphere? Also, why 
does one side of the moon now always face the earth? 
As I mentioned before, by classical theory, the moon 
was slowed down to its present pace by the action 
of tides. But this theory will not speed it up from 
one revolution per year to one revolution per lunar 
month. Let us examine the density of ice and atmos- 
phere. Ice has a density of less than 60 pounds per 
cubic foot. Liquid and frozen atmosphere constit- 
uents are in the same range, but slighty higher, while 
the earth’s crust has an estimated density of 150 
pounds per cubic foot. Now consider the fact that 
the moon is held in its orbit by the gravitational at- 
traction of the earth, which is balanced by the cen- 
trifugal force of the moon. Gravity involves an in- 
verse square law, while centrifugal force, a direct 
square law. Furthermore, the velocity in the direct 
centrifugal law involves the quantity 2nr, while the 
gravitational law involves only a function of r. There- 
fore, the heavier part of the moon’s crust would be 
slowly centrifuged till the heavy part was always on 
the side opposite the earth. The Moon would then 
be making one revolution per lunar month, as it is 
at present. As to our treasure, if it is there, it should 
be somewhere below the moon’s surface, probably 
somewhat concentrated near the center of the side 
facing the earth. This could be offset by anomalies 
in the moon’s crust. 


Now let us look at certain other facts taken from 
Baldwin that tend to substantiate the hypothesis: 

1. There is a known bulge called a tidal bulge cen- 
tered on the side of the moon facing the earth. This 
bulge is estimated to be over 7000 feet high by aver- 
aging observers’ calculations.’ 
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2. There are craters on the moon many of which 
contain centrally located cones.® 

3. As the limb is approached the incidence of cones 
in the moon’s craters diminishes.!? 

In coordinating the hypothesis with the above, I 
will take them in order. 

If the measured bulge is a tidal bulge two physical 
considerations must be ignored. First, if this were 
a tidal bulge, and contained a homogenuous cross 
section of the moon’s surface, the law of centrifugal 
force would apply and the bulge would be centri- 
fuged to the far side of the moon (unless there is a 
bigger bulge now on that side) . Secondly, the magma 
of the moon would have had to solidify during tidal 
effect in a very short period of time if the moon 
were then rotating. This is quite unlikely. So this 
bulge may be the moon’s supply of water and atmos- 
phere in the solid form buried under layers of me- 
teors and cosmic dust. 

Now, let us consider the cones located near the 
center of many of the moon’s craters. Baldwin states 
that the origin of the cones is quite controversial. 
Baldwin shows it is most probable that the craters 
were formed by meteorites of various sizes and trav- 
eling at different speeds and striking the moon’s sur- 
face at different angles.1! The kinetic energy upon 
striking and entering the surface would be converted 
mainly to the explosive force and heat. The heat in- 
volved would be dissipated much much slowly than 
the explosive forces which caused the crater. The 
meteoric body, or part of it which did not fragment 
would drill a rather small hole through the moon’s 
crust at or near the center of the crater until it came 
to rest.!2 As it passed into the moon’s crust, the hole 
it made would be filled in with debris from the ac- 
tion, and it would be broken and perhaps less dense, 
because of loose packing, than the crust next to the 


hole. Now as heat is transferred from the meteoric 
yody to its surroundings, if ice or liquid or frozen 
atmosphere were present, it would be volatilized or 
sublimated rapidly causing a high gas pressure. This 
pressure would follow the path of least resistance 
up through the filled vent the meteorite had made, 
and could conceivably force enough material out the 
vent to form a cone. If the meteorite did not penetate 
deep enough ,or did not have enough energy, or if 
there were no ice, etc. below it, there would be little 
or no cone formed. So, it therefore appears logical 
that the cones could have been formed as a result of 
the release of vapors from a hidden supply of ice 
and atmosphere under the moon’s crust, blowing 
debris up through the vent. 

Now let us consider the observed fact that the 
closer the limb is approached the fewer cones there 
are in the craters. This would appear to dovetail 
with the fact that the deepest deposit of ice and at- 
mosphere would be in the middle of the moon’s face 
and it would diminish toward the limb. This is some- 
what similar to our polar ice caps, except that in the 
case of the moon, the deposit, if there, was laid down 
eons ago and was buried by materials falling from 
the heavens. 

So, in the moon’s crust at some unknown depth, 
may be a valuable supply of water, oxygen, nitrogen, 
etc. The investigation to prove this would be colos- 
sal, but the prize would be even greater if the moon 
is to ever be of much practical value to us. 


REFERENCES 
All are from “The Face of the Moon” by Ralph B. Baldwin. 
; 1. Page 177 7. Page 14 
2. Pages 176-7 8. Page 186 
3. Pages 14, 22 9. Page 146 
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5. Page 173 11. Pages 138-153, 65 
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An magneto-hydrodynamic drag force has been proposed as one 


method of decelerating the re-entry bodies of space or orbit vehicles. 


The inducing of the drag is accomplished by generation within the body 


of a magnetic field, which will slow and deflect the ionized air flowing 


past the vehicle at high Mach numbers. This, in effect, increases the 


effective cross-section area of the body. It is also postulated that the 


shock wave configuration would be altered so as to reduce heat transfer. 


—from AVIATION WEEK, May, 1958 
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THE UNITED STATES NAVY 
GUARDIAN OF OUR COUNTRY 


The United States Navy is responsible for maintaining control of the sea 
and is a ready force on watch at home and overseas, capable of strong 
action to preserve the peace or of instant offensive action to win in war. 


It is upon the maintenance of this control that our country's glorious future 
depends; the United States Navy exists to make it so. 


WE SERVE WITH HONOR 


Tradition, valor, and victory are the Navy's heritage from the past. To 
these may be added dedication, discipline, and vigilance as the watch- 
words of the present and the future. 


At home or on distant stations we serve with pride, confident in the re- 
spect of our country, our shipmates, and our families. 


Our responsibilities sober us; our adversities strengthen us. 
Service to God and Country is our special privilege. We serve with honor. 


THE FUTURE OF THE NAVY 


The Navy will always employ new weapons, new techniques, and greater 
power to protect and defend the United States on the sea, under the sea, 
and in the air. 


Now and in the future, control of the sea gives the United States her 
greatest advantage for the maintenance of peace and for victory in war. 


Mobility, surprise, dispersal, and offensive power are the keynotes of the 
new Navy. The roots of the Navy lie in a strong belief in the future, in 
continued dedication to our tasks, and in reflection on our heritage from 
the past. 


Never have our opportunities and our responsibilities been greater. 
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(—_— in the outer regions of space beyond the 
earth’s atmospheric blanket does not directly in- 
volve the science of aerodynamics. In outer space 
there is practically no air and consequently no need 
to streamline our space vehicles nor give any at- 
tention at all to aerodynamics. 

Before we can reach the regions of outer space, 
however, or return from there, we must pass en- 
tirely through the atmospheric layer surounding the 
earth at least twice. This complicates the problem 
of space travel considerably. And, although only a 
small fraction of the total flight time, a few hours 
out of perhaps months or years, is spent in this at- 
mospheric part of our flight, our space ship design 
and its mode of operation are considerably different 
from what they would be if there were no atmos- 
phere at all. 

This important, although indirect, influence of 
aerodynamics can be explained by reviewing briefly 
the overall problem of interplanetary travel which 
has been written about widely. First, the distance 
to be traveled is formidable. A round trip to Mars 
is over 150 million miles. The time required to make 
such a trip will be months or years, even though we 
travel at enormous speeds. Immense amounts of 
fuel will be needed. If our space ship is manned, we 
must have living quarters, air to breathe, food and 
water—all the things necessary for a crew to live 
for months or years inside a ship traveling through 
empty space. These living quarters for one or more 
persons will require a volume equivalent to a small 


house or large cabin aircraft rather than space the 
size of a pinched up cockpit of a modern fighter 
where a pilot spends no more than a few hours at 
any one time. The size of the living quarters and 
the weight of the necessary provisions mean our 
space ship will have to carry many times the weight 
of the Sputnik II satellite, which was about half a 
ton. The Spitnik satellite only had room and pro- 
visions for a small dog for eight days with no means 
of returning to earth. 

The immense amount of fuel required, the enorm- 
ous speeds, the large payload of crew, living quar- 
ters and provisions are so formidable compared with 
anything yet accomplished that to be able to do it 
at all requires that every phase of the design and 
operation must be selected to have the utmost effi- 
ciency in relation to the whole trip. At first it would 
seem that the best way to get to Mars would be to 
simply blast off from the surface of the earth and 
drop in on the surface of the planet, making the 
whole trip in the same ship. When we note that the 
complete Sputnik II, with no means for returning 
to earth, weighed between 200,000 and 300,000 lbs. 
we can see that this would require a ship much too 
large to be practical. And, unless some entirely new 
type of propulsion, or something much more potent 
like an anti-gravitator, is developed we find this 
scheme highly improbable. 

On the other hand if there were no force of grav- 
ity at all nor any aerodynamic drag, forces, or heat- 
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ing, space travel problems would be much less diffi- 
cult. It is fortunate that these apparently idealized 
conditions can be met almost fully if we make our 
interplanetary trip from a satellite orbiting about 
Earth to another orbiting about Mars. Theoretical 
calculations show it would be most efficient from the 
vital stand point of fuel weight to use a very small 
propulsive thrust along the whole trip, thrusting to 
accelerate the first half, then reverse-thrusting to 
decelerate the final half. These propulsive thrusts 
need only give accelerations which are no more than 
a small fraction of gravity and may presumably be 
powered by a nuclear source. 

For this type of trip, since we are moving through 
empty space where there is no air, our space ship 
has to withstand no aerodynamic pressures nor any 
aerodynamic heating. Actually it won’t have to 
withstand the wind that even an ordinary home 
must. Construction, then, can be comparatively 
light. It need only be strong enough to hold internal 
pressures of 5 to 10 pounds per sq. in. so the interior 
will be livable. However, such a large, light con- 
struction could not stand the rigors of high accelera- 
tion launching where there are high aerodynamic 
ram pressures and difficult aerodynamic heat bar- 
rier problems. 

By starting from a satellite orbiting around the 
earth at some altitude over 200 miles where there 
is no appreciable aerodynamic drag nor aerody- 
namic pressure, and the effects of gravity are can- 
celled by centrifugal force, we can assemble this 
comparatively lightweight, bulky structure, apply 


our thrust tangentially and gradually spiral out 
from the earth, swinging out into a long arc until 
we are about half way to Mars. At this point, we 
turn our ship around to reverse its thrust and grad- 
ually spiral into a satellite orbit about Mars. 

Figure 1 shows typical orbits for accomplishing 
this. The earth’s orbit is represented by the ellipse 
closest to the sun (center) with Mars’ orbit on the 
outside. The space ship leaves the earth (start) and 
accelerates for the first half of the trip. Dotted lines 
show relative positions of earth and Mars at suc- 
ceeding stages. Approximately 210 days out (indi- 
cated by point between 190 days and 230 days), the 
ship is turned around to start the deceleration phase. 
At 270 days, the critical correction phase is met and, 
in this case, solved by again reversing the ship to 
accelerate into the Mars gravitational field. Ship 
reaches Mars on 325th day and lays over for 40 days 
before it must start trip back to catch earth at most 
favorable point. Delicate timing is necessary because 
of fact earth revolves around sun in approximately 
half the time Mars does. 

This idea has a distinct advantage over the blast- 
off method. In space flight, navigation is one of the 
most difficult and exacting aspects of the whole 
problem. We must control our orbit so it will go 
where we want it to. Otherwise we’ll end up in some 
out of the way cornor of space from which we can’t 
return. After initial burnout on a blast-off flight, 
there is no further means of control unless we carry 
extra fuel for this particular purpose. This adds 
considerably to the weight and makes our trip even 
more difficult. By thrusting all the way, we have 


FIGURE 1.—A TRAJECTORY FOR reaching Mars. 
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the means for these important navigation correc- 
tions readily at hand. 


If we try to go all the way in the same ship, we 
must find some way of slowing down our large 
heavy vehicle as we approach Mars so we can get 
down through the atmosphere. When we wish to 
return to earth we have to accelerate this heavy, 
bulky space ship back to speeds above satellite 
speeds and we must do this against gravity and high 
aerodynamic pressures and drag. Since we arrive at 
Mars with our space ship already going at these 
high speeds, capable of orbiting free of appreciable 
aerodynamic forces and with a large part of the 
gravity effect already accounted for, it is only sensi- 
ble to leave the main part of the ship in orbit and 
land and take-off from Mars with only a small part 
of it. This can then be a specially designed commuter 
vehicle or “ferry ship” designed particularly for 
this purpose and carried aboard the main ship. 

The problem of passing up through the earth’s at- 
mosphere and re-entering it are similar to those at 
Mars. Because of this, there are important advan- 
tages in using three different types of vehicles to 
make our trip: one designed especially to withstand 
high accelerations and airloads with low drag to get 
into satellite orbit; a second especially designed to 
return from orbit which must be able to withstand 
large decelerations and the very difficult aerody- 
namic “heat barrier”; the third, the actual space 
vehicle itself, designed to make the trip from satel- 
lite orbit of earth to that of some other planet. These 
three vehicles are shown in Figure 2. The launching 
or escape vehicle can be of two types. One, used as 
a commuter ferry, would be essentially the re-entry 
vehicle with a booster stage. A second would be an 
unmanned “truck” which would have no means of 
re-entry. 

This method requires the use of satellite stations 
particularly designed and operated to interconnect 
the operations of the space craft with the commut- 
ing vehicles, similar to the well-accepted procedure 
used in airline travel. We have specially designed 
airliners operating from airport to airport. We don’t 
expect these airliners to taxi up to our door so we 
take a cab to the airport. To accomplish an actual 
manned flight as outlined, in addition to the design 
of the three types of vehicles, it is necessary to 
establish a special satellite terminal or station orbit- 
ing at some suitable altitude, say 200 to 1000 miles 
high. For earth, this can be accomplished by sending 
up a number of craft each carrying into orbit some 
component of our satellite station, which would then 
be assembled into our satellite terminal. Later the 
components of one or more re-entry vehicles and the 
space ship itself would be sent up. 

Possibly by judicious design, the satellite com- 
muter or ferry shells can be used as integral parts 
of the satellite terminal and perhaps as parts of the 
space ship itself. The space ship must have several 
compartments which can be shut off in case of a 
collision with a meteor. Each of the cases could form 


one of the compartments. The ship shown in Figure 
2 has a nuclear source of power extended on a re- 
mote support to reduce the shielding requirements. 

The re-entry vehicle has the most severe require- 
ments. Its design is intimately associated with the 
most severe aerodynamic heating and pressures yet 
encountered. Its development must utilize design 
features yet to be developed. At this time it appears 
that it could have somewhat the appearance of a 
delta wing aircraft with two sizes of jets cocked at 
an angle like an internally mounted JATO bottle 
(facing forward, however, so the craft would not 
pass through the jet exhaust gases). 

The smaller size jet would supply very low thrust 
of very low duration causing the re-entry craft to 
spiral down from satellite orbit to altitudes where 
the air density is appreciable. Much larger jets 
would introduce high deceleration just before the 
severe aerodynamic heating would normally occur, 
which could be detected by aerodynamic instru- 
ments. These larger jets would be of comparatively 
short duration and would only be used as a final 
impulse to slow the vehicle down enough to prevent 
overheating by aerodynamic pressure and friction. 
After this the vehicle could glide airplane fashion 
and land. Before the air is dense enough to provide 
aerodynamic control, the craft would be controlled 
by reaction jets. In order to land at a specified loca- 
tion. of course, accurate control using aerodynamic 
or jet devices, operated by electronics. would be 
necessary. 

Possibly large air brakes could be used to reduce 
the size and fuel requirements of the larger of the 
two deceleration jets. Even though we keep our re- 
entry craft as small as possible, it still will take a 
large total jet impulse to slow it down from 18,000 
mph to about 3,000. Aerodynamic drag brakes could 
be large flaring types, flaring out from the tail of 
the craft as shown in Figure 2. They could be ad- 
justed depending on air density and speed. The nose 
of the craft would be blunt to reduce the aerody- 
namic heating effects, transferring the principal 
source of drag away from the craft’s skin to the 
severe shock wave cause by the blunt nose. 


After the first earth satellite terminal is success- 
fully in orbit, a number of space ships would be 
sent to Mars to orbit there. Each would bring com- 
ponents, first to assemble the Mars satellite terminal 
and then a Mars “re-entry” ferry and return-to- 
satellite vehicle. Both of these must be designed to 
withstand high accelerations and high aerodynamic 
loadings. The satellite ferry preferably should have 
low aerodynamic drag and the relationship of aero- 
dynamics to controls must be carefully designed. 
The control or navigation problem of both the space 
ship and the satellite ferry is exceeedingly difficult, 
perhaps one of the most formidable aspects of the 
entire development. For example, establishing an 
earth satellite terminal is much more difficult than 
just sending into orbit a number of large Explorers 
or Sputniks, which, of course, is itself no small task. 
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Figure 2—PROPOSED VEHICLES FOR SPACE TRAVEL. 
Ships discussed by Dr. Ross include a ferry (bottom) for 
re-entry from space into an atmosphere; space ship (center) 
utilizing separate compartments to be sealed off in case of 
collision with meteor and nuclear propulsion unit projecting 
from fuselage to lessen radiation danger; re-entry ferry with 
booster stage for escape from gravitational field (top). Units 
are shown by buildinr ‘or comparison of sizes. 


These several satellites, each with component parts, 
should be brought into orbit at exactly the same 
time, or phase of rotation, the same plane of rota- 
tion, the same altitude, same speed, and same eccen- 
tricity. 

However, it is impossible to do this exactly, so 
we must make corrections. Only small corrections 
in error can be tolerated because of the difficult 
manner in which they must be made. If one com- 
ponent is orbiting behind another and we accelerate 
it to try to catch up, we move it out to another orbit 
at a higher altitude. If two satellites with compo- 
nents to be joined are at exactly the same altitude, 
with the same phase, same ellipticity and everything 
identical except plane of rotation and this is off no 
more than 0.01 of a degree at the start, the two 
would spread from within a few yards of each other 
over one part of the earth to about a mile on the 
opposite side at a rate of about 5 ft/sec. Since their 


442 A.S.N.E, Journal, August 1958 


orbits are not identical, each will have its respective 
orbit continually modified by irregularities in the 
earth’s shape and contour. Although they may have 
started out in closely planar orbits, they most likely 
will not stay that way long. 

These great problems of control persumably to be 
solved by electronics, are influenced by aerody- 
namics in the initial phases of the launching and, in 
a minor way, throughout the life of the satellite, 
which, of course, if it is unpowered, is determined 
entirely by aerodynamics. 

Although the trend in missile design is to use jets 
rather than aerodynamic surfaces for control during 
the atmospheric part of the launching flight, the 
variable aerodynamic effects introduced by sub- 
sonic, transonic, supersonic, and hypersonic flows 
and by atmospheric jet streams and other weather 
disturbances are very important influences on the 
resultant accuracy and on how much correction 
must be made after the ferried components are in 
orbit. 

As discussed before, our re-entry ferry involves 
problems in aerodynamic heating. The air ram at 
these enormous speeds compresses the air and in- 
creases its temperature ahead of a descending satel- 
lite by thousands of degrees. This disassociates the 
air causing complicated chemical reaction and elec- 
trical phenomena and generally melts everything 
before it. This is what burns up meteors and creates 
shooting stars. The re-entry vehicle described earlier 
uses jets and drag brakes to slow it down so this 
won’t happen. 

While space travel now appears feasible, the fore- 
going considerations show three problems of great 
magnitude yet to be solved. They are: (1) inter- 
planetary navigation, (2) assembling a satellite sta- 
tion, and (3) the development of the re-entry ferry. 

Of these three, the latter two are intimately re- 
lated to the science of aerodynamics. Space travel, 
then, although carried out mostly in the absence of 
air actually requires much more emphasis on cer- 
tain phases of aerodynamics before we can reach 
those outer regions. 
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INTRODUCTION 


r 
r HE BEGINNING of the nineteenth century was the 
dawn of a new era in the development of me- 
chanical methods of ship propulsion. Already the 
screw propeller, the paddle-wheel, hydraulic jets, 
and oscillating fins had been used as propulsive 
mechanisms, and the reciprocating steam engine had 
been successfully employed as a power source. More 
and more inventive minds were being turned to the 
task of improving ship propulsion devices. Many 
men of vision saw a promising future in the possibil- 
ities of driving ships against wind, tide, and current. 
Although the last decade of the eighteenth cen- 
tury had seen reasonably successful applications of 
hydraulic jets and oscillating oars driven by steam 
engines, the paddle-wheel appeared to be the pro- 
pulsion device most adaptable to the low speed en- 
gines of the day. The Double Pleasure Boat built by 


(Epttor’s Note: We are publishing a series of 
articles by this author. The first appeared in the 
May 1958 issue of the JourNAL and others will be 
included in issues to follow. The totality of these 
represent material which Mr. Taggart has gathered 
for a book to be entitled, probably, “The History of 
Marine Propulsion.’”’) 


Millar and Symington in England had demonstrated 
the potential of the combination of the paddle- 
wheel and the steam engine despite Millar’s vocifer- 
ous denunciation of the performance of the engine 
itself. It remained only to improve the engineering 
and materials of the boiler and engine and to im- 
prove the strength of the hull to support large con- 
centrations of weight and the practical self-propul- 
sion of waterborne vehicles could become a reality. 


THE FIRST OPERABLE PADDLE-BOATS 


Although Patrick Millar renounced further inter- 
est in ship propulsion after the investment of a large 
sum of money in the Double Pleasure Boat, William 
Symington continued to strive for success. He con- 
cluded that the most logical type of craft from a 
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commercial standpoint was a tug boat, the same 
conclusion reached by Johnathan Hulls three-quar- 
ters of a century before him. 


This was a logical conclusion but not an uncom- 
plicated one. Vested interests in horse-barge towage 
objected violently to this new form of locomotion. 
These same interests gained the support of canal 
owners when it was pointed out that canal banks 
could be destroyed by the wash of paddle-wheels. 

Undismayed by this opposition, Symington went 
ahead with the construction of his paddle-engine. It 
was a horizontal double-acting engine with a single 
22 inch diameter cylinder and a stroke of four feet. 
The connecting rod and crank coupled the piston 
directly to the paddle-wheel axis as shown in 
Figure 1. 

In 1801 Symington fitted his engine in a small 
tunnel stern tugboat, the Charlotte Dundas. This 
craft, shown in Figure 2, was fitted with a bow rud- 
der for ease in maneuvering. On her trial trip she 
ran through the Forth and Clyde Canal at a speed 
of six miles per hour. Towing two other vesels of 70 
tons each she made a speed of slightly over three 
miles per hour. 

The Charlotte Dundas was the first successful 
steamboat built in England, and probably the first 
steam tug in operation in the world. Symington’s 
engine, built with crank, connecting rod, and guides 
was a remarkable product at this early date. Sym- 


Mey 


Figure 1. Machinery Arrangement of the Charlotte 
Dundas. 


Crown Copyright, Science Museum, London 
Figure 2. Mode! of the Charlotte Dundas. 
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ington could lay claim to being the father of the 
paddle-wheel engine. 

Meanwhile Robert Fulton went into the steam- 
boat business in earnest. Living in Paris at the time, 
he built an experimental steamboat, named the 
Nautilus, which was launched in 1803. Fulton 
proved to be a better marine engineer than naval 
architect. The hull of his vessel did not have suffi- 
cient strength to carry the weight of its machinery. 
When the engine and boilers were placed aboard 
she broke in the middle and sank. 


By August 1804 he had constructed a new hull, 
66 feet in length and with a beam of eight feet. His 
machinery, having been salvaged in relatively good 
condition from the bottom of the Seine, was in- 
stalled in the new hull. The vessel was quite unsuc- 
cessful, however, and made very low speed through 
the water. Discouraged, Fulton visited Symington 
in England and rode his tugboat. Symington gave 
him several valuable ideas for improving his own 
vessel, which Fulton later used to good advantage. 

Probably the most important step in Fulton’s 
career was taken in 1803. The Legislature of the 
State of New York pased an act granting Chancellor 
Livingston and Robert Fulton the rights and ex- 
clusive privilege of navigating all the waters of that 
state by vessels propelled by fire or steam. This act 
was to be in effect for 20 years provided the prac- 
ticability of driving a 20 ton vessel at four miles an 
hour with and against the normal current of the 
Hudson River was demonstrated within two years. 
The termination date of this two year clause was 
later extended to April 1807. 

During the same period, 1802 to 1804, Oliver 
Evans built a boat to ply the waters of the Missis- 
sippi. However, by the time the engine arrived in 
New Orleans to be installed, the boat had been de- 
stroyed in a hurricane. The engine was then divert- 
ed for use in a lumber mill where it performed very 
satisfactorily for a number of years. 

Evans was probably the first to use the power of 
steam to drive an amphibious vehicle. In 1804 he 
built a steam-powered floating dredge which he 
named Eruktor Amphibolis. Wagon wheels were 
mounted on this vehicle for operation on land, 
rigged so that they were turned by the engine. By 
this method it was propelled across the city of Phila- 
delphia to the Schuylkill River. The wheels were 
removed, the vehicle launched, a paddle-wheel fitted 
to the stern, and the vessel propelled down the 
Schuylkill to the Delaware. 

In 1805 Colonel John Stevens and his son, Robert 
L. Stevens, started the design work on a side- 
wheeler to be named the Phoenix. Construction was 
started in 1806 and the ship was operating on the 
Hudson River in early 1808. The Phoenix was 103 
feet in length equipped with paddle-boxes and 
guards and had a well formed hull. 

But in the spring of 1807 a vessel was launched 
from the yard of Charles Brown on the East Hudson 
which was destined to greater fame than the Phoe- 
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nix. She was Robert Fulton’s Cleremont. Her engine 
was built by Boulton and Watt in England. The 
Cleremont was an oddly constructed boat without 
a deck, flat bottomed and with angular lines. She 
was 133 feet long and had a depth of seven feet. The 
Cleremont made her trial run from New York to 
Albany starting on 7 August 1807. Her average 
speed was five miles an hour. With this successful 
trial run, Fulton guaranteed his franchise for ex- 
clusive use of the water of New York State for the 
next sixteen years. 


The Hudson River was ideal for the development 
of steam navigation. It connected two major centers 
of commerce and yet there was no easy mode of 
transportation up river. The high banks on both 
sides made winds light and erratic thus making 
navigation under sail extremely difficult. There 
were no good roads along its banks for reliable over- 
land transport, nor were there paths for the use of 
mules or oxen in towing barges. The river was deep 
and straight and had no dangerous tides or currents. 
Thus geography together with Fulton’s exclusive 
right to steam navigation combined to make the 
Cleremont the first commercially successful steam- 
boat. 


Stevens, excluded from New York waters by Ful- 
ton’s franchise, decided to take the Phoenix to 
Philadelphia. In June 1809, with Robert L. Stevens 
as engineer, the Phoenix proceeded under steam 
from New York around Cape May into the Dela- 
ware River and thence to Philadelphia. She thus 
became the first steamboat to make a successful 
occan voyage. She operated for many years between 
Philadelphia and Trenton. 

For the next decade paddle-wheel driven vessels 
were introduced as means of transport in inland 
waters throughout the world. In 1809 the Quebec 


Mercury was launched on the St. Lawrence fol- 
lowed by the Swiftsure in 1813. The Van der Capel- 
lan, built in Batavia in 1810, went into service as a 
troop transport in India. In 1811 the New Orleans 
was built in Pittsburgh and went into service be- 
tween Natchez and New Orleans on the Mississippi. 
The Comet, whose machinery arrangement is shown 
in Figure 3, went into service on the River Clyde 
in Scotland in 1812. In 1815 a four-horsepower 
steamboat was operating between St. Petersburg 
and Cronstadt in Russia, and in 1817 the Massachu- 
setts went into operation in Boston. 


The first ship of war to be propelled by steam was 
built by Robert Fulton under the auspices of the 
United States Navy. Her design was started near 
the end of the War of 1812. She was completed in 
early 1815 and named the Demologus which was 
later changed to the Fulton. This vessel was a cata- 
maran 150 feet in length and with a single 16 foot 
diameter by 14 foot paddle-wheel operating in the 
channel between the two hulls. Her breadth was 56 
feet and depth 20 feet with a tonnage of 2475. 


The speed of the Fulton was approximately five 
miles per hour and her paddle-wheel was capable 
of being reversed by employing a gearing and 
clutching mechanism which Fulton patented in 
1811. Her armor surrounding the gun deck consisted 
of a solid timber bulwark which was four feet ten 
inches thick. Armament consisted of thirty 32- 
pounders firing through ports in the bulwark and 
two 100-pounder Columbiads suspended from the 
bow for firing shot below the waterline of an enemy 
vessel. Fulton had also proposed that she be 
equipped with an “engine for throwing an immense 
column of hot water upon the decks or through the 
ports of an opponent.” 

There is no record as to what degree of security 


Figure 3. Machinery Arrangement of the Comet. 
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classification covered the Fulton during the period 
of her design and construction, but as so often hap- 
pens today, some rather fantastic stories of her 
military capabilities were published. A newspaper 
in Scotland printed the following authoritative de- 
scription: 

Her length on deck is three hundred feet; thickness of sides, 
thirteen feet, of alternate oak plank and cork-wood; carries 
44 guns, four of which are 100-pounders; and further to an- 
noy an enemy attempting to board can discharge one hun- 
dred gallons of boiling water in a minute, and by mechanism 
brandishes three hundred cutlasses with the utmost regu- 
lariy over the gunwales; works also an equal number of 
heavy iron pikes of great length, darting them from her 
sides with prodigious force, and withdrawing them every 
quarter of a minute. 


DEVELOPMENT OF THE FEATHERING PADDLE-WHEEL 


Early in the history of mechanically driven pad- 
dle-wheels their designers were concerned with the 
efficiency which was lost as the blade entered and 
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emerged from the water. They concluded logically 
that if the blade could be made to enter the water 
in a perpendicular position and emerge in a similar 
manner the losses would be minimized. 

Many different inventors during the nineteenth 
century evolved methods of easing the entrance and 
exit of paddle-blades relative to the water. Before 
discussing these in detail, however, it is desirable 
that a definition be given of the terms to be em- 
ployed in describing paddle-wheels since conflicting 
terminology has caused a good deal of confusion in 
the past. 

Figure 4, taken from “Hydrodynamics in Ship De- 
sign,” clearly delineates terminology as applied to a 
customary type of feathering paddle-wheel. Of par- 
ticular interest in the discussion which follows, it 
should be noted that the propulsive elements are 
called blades. The blade length is the linear dimen- 
sion measured athwartships and the blade width is 
the linear dimension measured perpendicular to the 
length. The blade circle is the circle which passes 
through the blade trunnion positions and blade dip 
is the maximum depth below the water surface 
reached by any part of the blades. 

One of the earliest attempts to evolve a feathering 
paddle-wheel was made by Robertson Buchanan in 
1811. The plan was rather ingenious in that the 
blade remained at all times exactly perpendicular 
to the water surface. Cranks were rigidly attached 
perpendicular to the blades. The blade trunnions 
were carried in one pair of circular straps and the 
ends of the cranks were pinned to an eccentric pair 
of circular straps. The two pairs of circular straps 
were made to revolve together thus forcing the 
crank to be parallel and the blade to be perpendicu- 
lar to the water surface throughout the revolution. 
Although this mechanism attained the desired feath- 
ering action the friction was enormous and the 
scheme was abandoned. 

Another idea of about this time which is some- 
what similar in its basic concept is shown in Figure 
5. The crank arms AA were driven so as to rotate 
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Figure 5. Reciprocating Paddle Mechanism. 


together which in turn moved the paddle-board 
aftwards when immersed and forward when 
emerged. Although the paddle-blades did enter and 
leave the water surface vertically the device was a 
failure from the propulsion standpoint. 

In 1828 Lieutenant Skene of the Royal Navy in- 
vented the interesting type of feathering paddle- 
wheel shown in Figure 6. The blades were free to 
pivot on their trunnions and were loaded on the 
lower half with heavy metal so as to swing into a 


TA 


Fig 


= 
| 
Blode EN, 
rap 
ve 
x \ 
Relative to 
90deq 5, Velocity. th 
Not 4 Entering 
= = Blade di: 
tai 
fe: 
th 
fa: 
tic 
de 
pa 
wl 
wl 
| : 
to 
mi 


TAGGART 


THE PADDLE-WHEEL IN MARITIME HISTORY 


Figure 8. Galloway’s Paddle-Wheel. 


vertical position on entrance. Stops were provided 
to limit the free swing of the blades so that when 
the blade was at the maximum dip it would be fixed 
in a radial position. Skene’s scheme had the obvious 
disadvantage that on entrance the blade could at- 
tain little thrust and on emergence it did not 
feather. When tested in the Thames it was found 
that the vessel propelled by this paddle-wheel went 
faster when the blades were lashed in a radial posi- 
tion than when they were allowed to operate as 
designed. 

The feathering mechanism shown in Figure 7 was 
patented by Paul Steenstrup in 1828. The paddle- 
wheel was driven through the axle C with the cog- 
wheel B remaining in a fixed position, being bolted 
to the side of the ship. The cog-wheel D was pinned 
to the rotating part of the wheel frame and its dia- 
meter was twice that of B. Attached to the cog- 
wheel D was a sprocket F around which passed the 


chain G. This chain in turn passed around sprockets 
mounted on the end of each blade, the blades be- 
ing free to turn on their own axes. For each revolu- 
tion of the wheel each blade would make a half- 
revolution on its own axis. By properly adjusting 
the initial position of each blade, the feathering ac- 
tion shown in the successive positions of the blades 
could be achieved. ; 

It is interesting to note that this mechanism is 
identical in principle with that used by Robert 
Hooke more than a century earlier in his horizontal 
water mill. The complex chain drive coupled with 
the crude gearing available in 1828 obviously mili- 
tated against the success of Steenstrup’s invention. 

The credit for the invention of the first practical 
feathering paddle-wheel goes to Elijah Galloway. 
In 1829 he patented the device shown in Figure 8. 
Although this old engraving makes the mechanism 
appear rather complex it is in essence the same as 
that shown in Figure 4. The paddle-wheel itself ro- 
tated about one axis and the linkages rotated about 
an eccentric axis. The links D were rigidly attached 
to the blades C which pivoted about the centers E. 
As can be seen in the successive positions of the 
blade a feathering action was achieved. 

The “Morgan Wheel,” developed during the same 
period, is shown in Figure 9. The details of the 


' Crown Copyright, Science Museum, London 
Figure ¥. A Model of the “Morgan Wheel.” 


mechanism are shown more clearly however in 
Figure 4. The blades are pinned to the frame so that 
they are free to rotate on their own axes. The links 
are pinned to the eccentric strap. The cranks are 
fixed rigidly to the blades and are pinned to the 
links. The eccentric strap rotates about an axis 
which is fixed to the side of the ship slightly for- 
ward of the paddle-wheel axis. This arrangement 
results in a motion such that the blades enter and 
leave the water in an almost vertical position. With 
no change in the basic principle involved this is the 
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same type of feathering mechanism which is em- 
ployed in paddle-wheels today. 

In the 1830’s an inventor whose name is believed 
to be Poole, evolved the feathering mechanism 
shown in Figure 10. The two sides of the wheel are 
tied together by the rods H and rotate about the 


Figure 10. Poole’s Paddle-Wheel. 


axle G. The blades are fitted between the sides so 
that they are free to rotate on their own axes. An 
eccentric ring I fixed to the side of the ship is de- 
signed with an annular groove in which the ends 
of the crank arms K can ride as the wheel rotates. 
This results in a feathering motion of the blades. 


This same mechanism was re-invented three times 
within the next twenty years. Wheels of this design 
were actually installed in a ship by David Napier 
of London in 1848. The ship was said to have ex- 
hibited astonishing speed but the wheels were re- 
moved a few weeks after installation because of 
successive mechanical failures. 

Adolph Heilbron of New York obtained a patent 
in 1829 on the feathering device shown in Figure 11. 
Each paddle-blade was carried on a radial shaft 
which terminated in the hub of the wheel. The ends 
of these shafts were fitted with pins perpendicular 
to the axes of the shafts and to the blades. These 
pins rode in an annular groove affixed to the hull 
which permitted the pins to be parallel to the pad- 
dle-wheel axis over the upper swing of the wheel 
rotation but which forced them to swing into the 
plane of the wheel as the blades entered the water. 
The pins were held in this position during the lower 
portion of the rotation. The force of the water on 
the blade as it emerged twisted it back into the 
feathered position. 

This rather unusual mechanism had several ad- 
vantages. If mounted without a paddle-box the 
wind resistance on the blades was greatly reduced. 
If a paddle-box was used it could be very narrow. 
This type of wheel could be effective throughout 
a wide range of ship drafts since the propulsive 
thrust was generated primarily in the region of 
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Figure 11. Heilbron’s Paddle-Wheel. 


maximum dip. The rather obvious disadvantages, 
however, are the lack of structural strength in the 
moving components and the wear which would be 
experienced by the actuating pins. 

These examples represent only a few of the many 
attempts which were made to make the blades enter 
and leave the water in a vertical position. Anyone 
who has felt the series of shocks which result from 
the entrance and emergence of the blades of a fixed 
radial wheel can well understand the concern which 
the early naval engineers expressed in trying to find 
a solution. Of all of the solutions tried it appears 
that the “Morgan Wheel” was the most satisfactory 
since wheels of this type are still in use. 


EARLY SEAGOING PADDLE STEAMERS 


Aside from the trip of the Phoenix around the 
New Jersey coast the credit for pioneering in sea- 
going paddle-wheelers goes to the British. An en- 
gineer from London, George Dodd, was the first to 
investigate the possibilities of this new type of pro- 
pulsion for ocean travel. 

In 1815 Dodd arranged the purchase of the Ar- 
gyle, a steamboat which was operating between 
Glasgow and Greenock in Scotland. The ship was 
79 feet in length with a beam of 16 feet. She had a 
14 horsepower engine driving nine foot diameter 
side-wheels. Dodd renamed her the Thames and in 
May 1815 set sail from Glasgow for Dublin. 

The crossing was extremely rough and was almost 
disastrous when the ship nearly ran aground off 
Port Patrick. The combined power of steam and 
sail was needed to keep her off the rocks but she fi- 
nally made the crossing to Dublin Bay. There she 
lay for a short time for examination of the machin- 
ery and for relaxation of the crew. 

The Thames then headed for Milford Haven, again 
in the face of rough seas. The buoyant action of the 
paddle-boxes helped to cut down the amplitude of 
roll but created another problem which at first was 
disconcerting to the crew and passengers. As the 
waves pounded against the side of the vessel the air 
in the paddle-boxes was compressed and forced out 
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through such small openings as existed. The result- 
ing noise was frightful. From Milford Haven, Dodd 
ran the Thames to Portsmouth and thence up the 
Thames to London. She passed every other boat on 
the river much to the amazement of all witnesses. 
The Thames ran 758 miles in five days and two 
hours through adverse weather conditions. This was 
indisputable proof that the paddle-wheeler had a 
definite place in the seagoing traffic of the day. 

The next seagoing steamer was the Rob Roy built 
by David Napier, a prolific contributor to the ad- 
vancement of steam navigation as was his cousin, 
Robert Napier. The Rob Roy was a 90 ton vessel 
with a 30 horsepower steam engine. In 1818 she be- 
gan regular runs between Greenock and Belfast 
thus establishing the first scheduled seagoing serv- 
ice of steam powered vessels. She ran this route for 
two winters with great success and then was trans- 
ferred for service as a packet in the English Chan- 
nel between Dover and Calais. 

The United States recaptured the lead in the in- 
troduction of steam at sea with the Savannah which 
was the first steam-powered vessel to make a trans- 
oceanic crossing. This historic ship was built by 
Crocker and Fickett of Corlear’s Hook, New York 
under financing by a group of speculators who 
hoped to sell her to the Tsar of Russia. 

The Savannah was a 320 ton, ship-rigged sailing 
packet. Her 90 horsepower horizontal engine was 
placed between decks with the boilers in the lower 
hold. Using the arrangement shown in Figure 12 her 
paddle-wheels could be collapsed when she was 
proceeding under sail. 
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Figure 12. The Collapsible Paddles and Engine of the 
Savannah. 


The first leg of the Savannah’s voyage was from 
New York to Savannah, Georgia in 1819 which re- 
quired a total time of seven days, four of which 
were under steam. By special arrangement with her 
owners she then proceeded back up the coast to 
Charleston. There she was to take President Mon- 
roe, who was then travelling through the States, for 
a short excursion. For some reason Monroe was un- 
able to meet the ship so she returned to Savannah. 
There, after playing host to a number of curious 
tourists, the Savannah set sail for Liverpool. 


The passage to St. George’s Channel off the city 
of Cork required 18 days, seven of which were un- 
der steam. After a brief stop there during which she 
was inspected by the British fleet, the Savannah 
proceeded to Liverpool. Thousands of people were 
there to greet her and her decks were soon loaded 
with curiosity-seekers even before the anchor was 
dropped. Later many prominent people visited the 
ship which they inspected with extreme interest. 

From Liverpool the Savannah set sail for Cron- 
stadt and St. Petersberg via Copenhagen. Although 
she aroused much interest, the anticipated sale to 
the Tsar was not consummated, and her Captain, 
Moses Rogers, gave orders to head for home. She 
arrived in Savannah, after a passage under sail 
alone, 22 days later. 

Because of too much rigging, a heavy and low 
powered engine, rather frail paddles, and insuffi- 
cient fuel storage space the Savannah was a com- 
mercial failure as a steam vessel. Her owners, after 
losing between $50,000 and $60,000 on the transac- 
tion, had her machinery removed and she was put 
in service as a packet between Savannah and New 
York. She later went aground on Long Island, broke 
up, and sank. 

Although a failure from the commercial stand- 
point the Savannah made a significant contribution 
to maritime history. The voyage of the Savannah 
demonstrated the feasibility of transatlantic steam 
navigation. But it was not until thirteen years later 
that another crossing by a steam powered vessel 
was to be made. 

In spite of the fact that no transatlantic crossings 
were tried, there was no lack of steam powered ves- 
sels in shorter seagoing runs. The 700 ton Robert 
Fulton went into service between New York, 
Charleston, Cuba, and New Orleans in 1819 and 
plied this trade successfully for three years. In this 
same year steamboats were first introduced to the 
Great Lakes. The Walk-in-the-Water went into 
service on Lake Erie in 1819 and in 1827 a steam- 
boat started operating on Lake Michigan. 

In 1820 the British naval vessels Comet, Light- 
ning, and Meteor were constructed for seagoing 
service. In 1825 the steamship Enterprise sailed 
from London for Calcutta; she was a 470 ton ship 
with 120 horsepower. The English merchant steam- 
ship Meteor went into the mai! service between 
England and the Mediterranean in 1830. And finally 
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in 1832 the Quebec-built Royal William made the 
Atlantic crossing. 

These were years of pioneering at sea. The hardy 
souls, both seamen and passengers, who ventured 
far from the sight of land in fire-belching craft 
which threatened to explode at the least provocation 
were as essential to the advancement of ship pro- 
pulsion as were the propulsion devices and their 
inventors. Through the courage and fortitude of 
these people the steam engine and the paddle-wheel 
made the difficult transition between experimental 
curiosities and reliable devices for propelling ships 
across the ocean. 


EXPERIMENTS WITH PADDLE-BLADE SHAPES 

As paddle-wheel steamers gained more and more 
popularity, pressure was increasing on their design- 
ers to improve efficiency. The feathering paddle- 
wheel was one step in this direction. But as time 
went on other means were sought to increase the 
propulsive power for a given torque. This require- 
ment led logically to investigation of the feasibility 
of altering the shape of paddle-blades to gain addi- 
tional efficiency. 

The most extensive set of experiments along this 
line were carried out by a Mr. Ewbank, the Com- 
missioner of Patents in New York. The test vehicle 
employed was of the utmost simplicity and practic- 
ability. It was the 12 foot 6 inch by 3 foot 6 inch boat 
shown in Figure 13. A wrought iron shaft with two 
cranks was fitted between port and starboard pad- 
dle-wheels and was supported in bearings at the 
gunwales. The cranks were operated by two up- 
right levers which could be alternately pushed fore 
and aft by an operator sitting in either end of the 
boat. 

The crankshaft extended 14 inches over each side 
of the boat where the light, simply constructed 40 
inch diameter paddle-wheels were attached. Test 
blades could be fitted readily into the extremities 
of the paddle-arms. 

The test plan was simple. After initial balance of 
the boat using identical square blades on both 


wheels, a variety of blade shapes would be tried on 
one side or the other and compared with the stan- 
dard blades. If the boat turned to port, the star- 
board blades were the more efficient and vice versa. 

The blades were all 49 square inches in area and 
the dip in all cases was 7% inches. The variety of 
blade shapes tried are shown in Figure 14. The tests 
were run in the Harlem River, New York in 1845 
and 1848 presumably when that body of water was 
somewhat less viscous than it is today. In general 
the water was calm and several tests were run with 
each blade configuration to ensure accuracy of 
results. 

The principal conclusions reached by Mr. Ewbank 
were that triangular blades were more effective 
than square blades, that the base of the triangle 
should be at the maximum radius, and the greater 
the speed of a steamer, the fewer blades should be 
used. His report said, “the extension of the lower 
part of the paddle is nature’s own plan.” This state- 
ment was supported by Figure 15, which shows the 
tails of fast and slow fishes superimposed on the 
blade of a paddle-wheel. The dark part of the figure 


Figure 14. A Few of the Blade Shapes Employed by 
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Figure 13. Mr. Ewbank’s Experimental Boat and Wheel. Ewbank. 
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Figure 15. Fish Tails and Paddle-Blade. 


is the tail of a fresh water bass, a slow-swimmer; 
the light part of the figure is the tail of a dolphin, a 
fast-swimmer. Although the blade areas are the 
same, “the propelling lever will extend further from 
the fulerum, and will have a longer sweep, and 
therefore exert their force to propel for a longer 
period on the water.” 


The work of Mr. Ewbank was reviewed with 
marked respect in 1849 by George Rennie, an ex- 
perienced marine engineer. Rennie had arrived at 
a similar set of conclusions through a series of ex- 
periments on a full scale ship in the years 1837 
through 1841. His experimental vessel was the Af- 
rican which had a length of 109 feet 11 inches, a 
beam of 24 feet 10 inches and a draft of 9 feet 4% 
inches. She was powered by two 45 horsepower en- 
gines turning between 20 and 30 revolutions per 
minute. The paddle-wheels were 14.7 feet in dia- 
meter. 

A variety of blade modifications were tried by 
Rennie, two of which are shown in Figure 16. He 
concluded that the Trapezium Floats on the left 
were most efficient. He said, “The truth of the 
principle is confirmed by Mr. Ewbank, and by the 
laws which govern the forms of the tails of fishes, 
the feet of aquatic birds, and the wings of birds and 


NA 


Crown Copyright, Science Museum, London 
Figure 16. Two of Rennie’s Experimental Paddle-Wheels. 


insects, whereby the means are so admirably suited 
to the ends.” 


Another series of experiments of a less thorough 
nature were conducted by Thomas Parlour of Hol- 
loway, England. Mr. Parlour concluded that the 
best form of blade was a hollow half-cone. The cone 
was to be made of metal and cut at the vertex at 
right angles to the plane of its base. The best form 
of the half-cone was determined to be one which 
had a base angle of 32 degrees. 

Despite the erudite nature of at least two of the 
above sets of experiments they seemed to have little 
effect on the commercial design of paddle-wheel 
blades. For most services the flat or slightly curved 
rectangular blade has remained in use throughout 
the years. 


THE PADDLE-STEAMER AT THE HEIGHT OF ITS GLORY 


Although this description of paddle-driven ships 
is concerned primarily with the propulsion device 
itself, the development of propulsion engines had a 
major effect on the progress of the paddle-steamer 
in marine history. Therefore, a discussion of engine 
development may give a better picture of the gener- 
al rate of progress. : 

The earlier types of engines built for the Char- 
lotte Dundas and the Comet have been shown pre- 
viously. From 1812 on, there was a progressive im- 
provement in engine design and a gradual increase 
in operating steam pressures. These characteristics 
are shown in the following table: 


1812-1854 Side-lever engines.—working pressure 5-25 lb. per 
in 


sq. in. 
1835-1866 Steeple engines—woking pressure 25-155 lb. per 


sq. in. 
1825-1880 Oscillating engines.—working pressure 30-150 lb. 
per sq. in. 


_ 1844-1940 Diagonal engines.—working pressure 50-220 lb. 


per sq. in. 


These progressive engine developments are shown 
in Figures 17 through 20. 


Figure 17. Side-Lever Paddle Engine of the Waterioo. 


A.S.N.E, Journal, August 1958 45.1. 


| 
| 
F 
nk 
ter 
be 
the 
the 
) 
‘ 


THE PADDLE-WHEEL IN MARITIME HISTORY 


TAGGART 


Figure 18. Steeple Paddle Engine of the Banshee. 


Engine requirements varied somewhat between 
the boats which plied the inland rivers and those 
which crossed the ocean. The inland river boat had 
a broad beam and was seldom subjected to heavy 
seas. Neither was it necessary to protect the engines 
of these boats from heavy seas. For this type of 
service the steeple engine was quite satisfactory 
since the boats could take a heavy engine with a 
high center of gravity. 

For the seagoing ships it was a somewhat differ- 
ent story. There in heavy seas it was necessary to 
have an engine with a low center of gravity so that 
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Figure 19. Oscillating Paddle Engine of the Venus. 


the stability of the ship would not be impaired. The 
side-lever engine was the first type to fulfill this 
need followed shortly by the oscillating and diagon- 
al types, some of which are still in use today. 

The inland waters of the United States owe much 
of their development to the steam-driven paddle- 
wheeler. The Mississippi, Missouri, Ohio, and Mon- 
ongahela Rivers although wide were shallow and 
tortuous. For this type of waterway the paddle- 
wheel was ideally suited. It adapted itself readily 
to installation in a flat-bottomed, shoal-draft boat 
and required a minimum of immersion. Damaged 
blades could be easily replaced by inexperienced 
carpenters and the power plant required to drive 
them was an uncomplicated and simply maintained 
set of machinery. 

Following the successful employment of the 
steamboat New Orleans for the trade between New 
Orleans and Natchez, many other larger and more 
powerful steamboats were built and put into serv- 
ice all along the mid-Western rivers. Some of the 
famous steamboats were the Enterprise, Washing- 
ton, Shelby, Paragon, Tecumseh, Tuscarora, Gener- 
al Brown, Randolph, Empress, Sultana, Edward 
Shippen, Belle of the West, Duke of Orleans, Bos- 
tona, Belle Key, Reindeer, Eclipse, and A. L. Shot- 
well. In 1818 the United States Mail Line was or- 
ganized for both cargo and passenger service be- 
tween Cincinnati, Louisville and St. Louis. Ton- 
nages increased from seventy-five to two thousand 
and by 1858 a maximum speed of twenty miles an 
hour had been obtained. Even today a few side- 
wheelers and stern-wheelers can still be seen in 
operation on the inland waters of this country. 

The American river steamboats were beautiful 
things to behold. Sharp bows and long, clean lines 
allowed them to cut through the water with a mini- 
mum of disturbance of the surface. They were, for 
the most part, narrow boats with length-to-beam 
ratios of twelve or more. Their huge paddle-wheels 
were the pride of their owners and passengers. 

The New World which plied the Hudson River 
had wheels 46 feet in diameter. Those of the Alida 
were 31% feet and the Thomas Powell, a smaller 
boat by far, boasted wheels of 40 feet in diameter. 
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Speaking of the American river steamboat, John 
Scott Russell said, “. . . they stand in every respect 
—in science, in speed, in beauty, in magnitude,— 
unparalleled by the river steamers of Britain, or 
those of any other country.” 

At sea the paddle-wheel also gradually came into 
its own. The crossing of the Royal William in 1832 
encouraged the British to renewed efforts to capture 
the growing transatlantic trade. In 1836 the British 
and American Steam Navigation Company was 
formed to provide regular transatlantic service. 
Their first ship was the Sirius which displaced 700 
tons. 

A competitor of the Sirius was the Great Western 
which was 236 feet long with a gross tonnage of 
1321. The side-wheels of the Great Western had an 
interesting paddle-wheel design as shown in Figure 
21. The blades were made up of a series of four 
stepped elements to ease the shock when entering 
the water and to reduce the carry-over on emerg- 
ence. 

On the morning of 23 April 1838 the British 
steamships Sirius and Great Western entered New 
York harbor. The Sirius, the first to arrive, had 
made the crossing in 16 days. She was succeeded in 
this service by the 2400 ton British Queen which 
made the crossing in 14% days in 1839. 

A short time later the Royal Mail steamers of the 
Cunard Line went into service. These ships were 
built in Scotland with engines constructed by Rob- 
ert Napier. Their regular run between Liverpool, 


Figure 20. Diagonal Paddle Engine of the Greater Detroit. 


Crown Copyright, Science Museum, London 


Figure 21. Model of the Paddle-Wheel of the Great 
Western. 


A.S.N.E, Journal, August 1958 453 


/ 7S 
— 
The 
ile 
and 
lily | | | | | | | | | 3 
oat 
ged 
ced 
‘ive 
1ed 
the — 
: 
Fee 
ot- 
: 
la 


THE PADDLE-WHEEL IN MARITIME HISTORY 


TAGGART 


Halifax, and Boston was conducted on a regular 
schedule and punctuality was their watchword. Not 
to be outdone, the Collins Line was established in 
the United States and these two titans struggled for 
superiority in one of the most lucrative trade and 
passenger routes in the world. 

As steam machinery became more reliable and 
as more confidence in mechanical propulsion was 
developed, the amount of sail carried by trans- 
oceanic vessels gradually decreased. Yet either as a 
safety factor, or for additional speed when favorable 
winds were present, the provisions for sail were 
never eliminated on ocean-going paddle-wheel 
steamers. 

Although the paddle-wheel maintained its su- 
premacy at sea until 1850 it had many severe draw- 
backs for an ocean-going vessel. Changes in loading 
would vary the paddle immersion thus altering 
efficiency and power requirements. As paddle-wheel 
ships rolled in a seaway the alternate immersion of 
port and starboard wheels would produce imbal- 
anced thrust and make it difficult to keep the ship 
on course. Heavy weather frequently damaged the 
paddle-wheels or the exposed paddle-boxes. The 
beam of the ship was greatly increased by the 
paddle-wheels and although these ships had excel- 


lent maneuvering characteristics the wheels were 
frequently damaged in docking. The large, heavy 
machinery required to drive the slow turning 
wheels was both a structural support problem and 
a problem in providing adequate subdivision for 
ship integrity in case of damage. 

The era of the seagoing paddle steamer closed 
with what was probably the most fabulous ship ever 
built—the Great Eastern. The saga of this incredible 
ship is one of the most fascinating stories in the an- 
nals of the sea. Her designer and builder, Isambard 
Kingdom Brunel, was one of the greatest engineers 
of his day, perhaps of all time. The Great Eastern 
was five times as large as any vessel then afloat and 
her size was not equalled until the construction of 
the Lusitania some forty-eight years later. 

For propulsion the Great Eastern carried 6500 
square yards of sail on six masts. She had two 56 
foot diameter side paddle-wheels weighing 185 tons 
each which extended her breadth to 118 feet. In 
addition to sails and paddle-wheels, the Great East- 
ern had a screw propeller. 

The paddle engine for the Great Eastern, shown 
in Figure 22, was built at the shipyard of John Scott 
Russell on the Isle of Dogs and the engine for the 
screw propeller was built by the James Watt Com- 


Figure 22. Paddle Engines of the Great Eastern. 
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pany. The ship was 693 feet in length, had a beam 
of 83 feet and a depth of 58 feet. She had a displace- 
ment of 22,500 tons. Construction was started in 
May 1854 and after many heartbreaking attempts 
the vessell was side-launched in January 1858. 


The paddle-wheels were made up of thirty 13 foot 
by 3 foot blades supported on 38 foot shafts driven by 
21% foot crankshafts. The weight of each paddle- 
shaft was 30 tons and of each crankshaft, 31 tons. 
Each of the two paddle-wheels was driven by two 
1000 horsepower, four cylinder, 6 foot by 14 foot 
reciprocating steam engines. The wheels revolved 
at 14 revolutions per minute. 


The screw propeller was 24 feet in diameter with 
a pitch of 37 feet and had four blades. The weight 
of the propeller was 36 tons and it turned at 50 
revolutions per minute. The screw engine was a 
1600 horsepower, 4 cylinder, 7 foot by 4 foot reci- 
procating steam engine, the largest built up to that 
time. 

From an engineering standpoint the Great Eastern 
represented a tremendous advance in all phases of 
naval architecture and marine engineering. Yet 
from a financial standpoint she was a failure. Her 
accommodations for 4000 passengers far exceeded 
the requirements of the day. She had difficulty find- 
ing sufficient cargo to fill her hold capacity of 5000 
tons. 

The Great Eastern was a hard luck ship. She 
killed her designer, drowned her first captain, killed 
thrity-five men, logged four mutinies, sank four 
ships, caused thirteen lawsuits, was auctioned six 
times, and ended her days as a floating circus. She 
did an outstanding service in laying the Atlantic 
cable and she displayed the most modern advances 
in ship construction to some two million sightseers. 
Finally in 1890 the Great Eastern was scrapped thus 
ending an era of great imagination, achievement, 
and adventure. 


NOVEL APPLICATIONS OF THE PADDLE- WHEEL 


As in all other forms of ship propulsion devices 
the paddle-wheel principle has been employed in a 
variety of ways other than those which might be 
considered usual. Often some of these alternative 
methods appear to have real merit but perhaps more 
often their defects are quite obvious which accounts 
for their passing into the limbo of impractical in- 
ventions. 

A Mr. Hill of Wollswick, England was intrigued 
with the idea of devising a system whereby the pad- 
dle-blades would enter the water vertically and pass 
through it in an elliptical orbit. His invention is 
shown in the three diagrams of Figure 23. 

The periphery of the wheel B was attached to the 
hub by the spokes A, which are shown as broken 
elements for clarity of the working mechanism. Ex- 
tending from the wheel periphery are four short 
arms F to which are pinned the blades E. Each 
blade assembly consists of a blade rigidly attached 


Figure 23. Hill’s Paddle Mechanism. 


to a curved link C. The four curved links are con- 
nected together by short straight links G. 

If this wheel were to rotate in air it would retain 
a symmetrical configuration as shown in the upper 
diagram. However, when one blade enters the water 
the resistance exerts a turning moment on the 
blade-link assembly thus collapsing the links as 
shown in the second diagram. This collapsed condi- 
tion prevails as the first blade passes through and 
leaves the water thus forcing the first blade to leave 
almost vertically and the following blade to enter 
the water vertically. Successive blades are forced 
into the same path as they enter and leave the water 
surface. 

Certainly, from the standpoint of blade motion, 
Mr. Hill’s invention has much merit and exhibits a 
great deal of ingenuity. It probably failed to attract 
attention mainly because of the multiplicity of mov- 
ing parts and joints which were subject to problems 
of maintenance and breakage. 

A patent granted in England in 1826 to a Mr. 
Palmer of the Royal Mint covers a form of a feath- 
ering paddle-track. The vessel to which this device 
was fitted was designed with a pair of outboard false 
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keels between which the paddle-track ran. The 
track to which the blades were pinned was a pair of 
endless chains passing around a series of sprockets 
beneath the vessel. During the drive stroke the pad- 
dle-blades were held in a vertical position by means 
of small check-chains between the blade and the 
drive chain. During the forward stroke the blades 
were guided into a horizontal position so as not to 
offer any resistance to the water. The sprocket axles 
fore and aft were driven by chains from a steam 
engine installed amidships. 

In 1828 a Mr. Stevens invented a novel, if rather 
complex device which also provided for the paddle- 
blades to enter and leave the water vertically. This 
device, shown in Figure 24, was called a triple crank 


Figure 24. The Triple Crank Propeller. 


propeller. To the driving axle was rigidly attached 
a triple-armed spider, to the arms of which were 
pinned three paddle-blade assemblies. Each assem- 
bly consisted of four parallel blades and an exten- 
sion arm. The extension arm of each blade assembly 
was pinned to the end of a crank. The opposite ends 
of the three cranks thus connected were mounted 
on a common axle attached to the side of the ship. 
The motion resulting from driving the spider axle 
is shown in the successive crank positions in the 
diagram. 

Jacob Perkins, in 1829, invented a paddle-wheel 
system where the wheel axes were at an angle of 
45° with the centerline plane of the boat in which 
they were installed as shown in Figure 25. The 
wheel axles were driven by bevel gears from a com- 
mon shaft driven in turn by the prime mover. The 
paddle-blades were mounted on individual rotating 


Figure 25. Perkins’ Paddle-Wheel Arrangement. 
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axles driven from the wheel axle in such a manner 
that they made a full revolution each time the wheel 
was revolved. Each blade position was such that the 
blade would be perpendicular to the centerline 
plane of the vessel at the top and bottom of the 
stroke and parallel to the centerline plane when its 
axis was in the horizontal position. This provided for 
a feathered entrance and emergence of the blade. 

An article in the Journal of the Franklin Institute 
stated of Perkin’s paddles: “The saving of fuel ap- 
pears to be upwards of three in five, and an increase 
of fifteen percent in speed.” But in spite of this re- 
ported superiority, little was ever heard from this 
invention again. 

Another novel invention of this era was the 
winged boat shown in Figure 26. This craft was 


Figure 26. The Winged Boat. 


devised by Mr. Dixon Vallans of Scotland. The op- 
eration of the mechanism is fairly obvious from the 
diagram. The crank arrangement D oscillated the 
link to which the paddles were pinned in a fore 
and aft direction. The paddles were pinned and pro- 
vided with stops so that they would be perpendicu- 
lar to the water surface during the power stroke 
and would feather during the return stroke. 
Attempts were made by a number of inventors to 
incline the blades of a paddle-wheel to give better 
entrance and emergence characteristics. In Figure 
27 are shown two views of a wheel invented by an 


Figure 27. Biram’s Paddle-Wheel with Inclined Blades. 
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Figure 28. The Double Oblique Paddle-Wheel. 


English engineer by the name of Biram. Also in 
Figure 28 is shown a double oblique paddle-wheel. 
The advantage of this latter type over the former 
was the lack of axial thrust. It was said that these 
types of wheels incurred much less vibration than 
did the usual type. However, the fact that they were 
never adopted for commercial use over any period 
of time is an indication that they lacked efficiency. 

The loss of power incurred in an ordinary paddle- 
wheel by the sudden impact of the blade striking 
the water, the lifting of water by the blades, and the 
violent agitation of the water in the wake, led Fred- 
eric W. Bardwell of Lawrence, Kansas to seek a 
new wheel design. In 1876 he patented the wheel 


! Figure 29. Bardwell’s Paddle-Wheel. 


shown in Figure 29. Upon the surface of a closed 
cylinder, or of a surface of revolution approaching a 
cylinder in form, a series of traction faces extended 
outward like the blades of an ordinary paddle-wheel. 
Mr. Bardwell claimed that, “the moment a traction 
face becomes submerged, the water is pressed against 
it, and in the motion of the wheel this face cannot be 
separated from the water immediately in front, nor 
can that water immediately in front be drawn back- 
ward without entraining with it water still farther 
in front to an indefinite extent. The closed surface 
of the wheel tends to prevent displacement of the 
water, and thereby promotes the success of the ac- 
tion in question, so that the traction-face is retained 
in its place in the water more effectually than is 
possible for the paddle of the ordinary wheel, and 
the power applied to turn the wheel operates more 
efficiently in causing the boat to move forward.” 
There seems to be no record that this rather nebu- 
lous hydrodynamic reasoning was ever exposed to 
experimental verification. 

As late as 1912, it was still possible to patent novel 
applications of the paddle-wheel. The hand-operated 
mechanism shown in Figure 30 was the design of 
Frances W. Resch of Wanette, Oklahoma. After the 
passage of fourteen centuries of paddle-wheel pro- 
pulsion, this device was still considered to be of 
sufficient novelty to warrant the dignity of a patent. 


Figure 30. Resch’s Paddle-Boat. 


RECENT APPLICATIONS OF PADDLE-WHEEL PROPULSION 


A detailed analysis and experimental study of the 
most efficient means of moving cargo on the inland 
waterways of the United States was authorized by 
the River and Harbor Act of 1910 which stated in 
part: 


The Chief of Engineers, under the direction of the Secretary 
of War, is hereby authorized to design and construct two 
experimental towboats of modern but different types, with 
a complement of suitable barges and necessary loading and 
unloading facilities for towing and delivering supplies along 
the Mississippi River and its tributaries, and in making de- 
signs for such boats the said Chief Engineers shall investi- 
gate and consider types of boats in use for similar purposes 
on nontidal rivers in this and other countries, and for the 
purposes of such investigation, designs, and construction 
there is hereby appropriated the sum of $500,000. 
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The Board on Experimental Towboats which the 
Chief of Engineers established to carry out these 
instructions issued its report in February 1914. The 
report covered extensive investigations into current 
practices in the United States and abroad in river 
towing. Lengthy model tests were carried out in the 
Naval Tank at the University of Michigan to deter- 
mine the resistance of barges and flotillas and the 
propulsive and towing characteristics of various 
types of towboats. 


The conclusions of the Board relative to towboats 
were: 

That the two towboats be of the stern-wheel type and th: 
twin-screw tunnel type, with beam of 43 feet and 34 feet, 
respectively, length between perpendiculars 170 feet, and 
draft 4 feet in both cases . . . That the stern-wheel boat be 
provided with a feathering wheel . . . that its boilers be of 
the internally fired, return-tube type with straight tubes 

. and that its engine be of the tandem compound con- 
densing or similar type... 


The model tests indicated that the feathering 
paddle-wheel should be 14.6 feet in diameter and 
should be driven by a 1200 I.H.P. engine at a speed 
of 25.6 revolutions per minute. The predicted slip 
was 62.6 per cent and the predicted efficiency of the 
wheel was 29.0 per cent. The proportions of the se- 


lected stern-wheel towboat design are shown in the 
deck plans and profile in Figure 31. 


This exhaustive report of a competent group of 
authorities indicates forcefully the status of trans- 
portation on the inland rivers of the United States 
just prior to World War I. This was a transition era 
when the channels of the navigable rivers were 
gradually being deepened to accommodate deeper 
tows. This meant that the more efficient screw pro- 
peller could be used provided that hull modifica- 
tions were made to encompass a larger diameter 
wheel than in earlier screw-propelled towboats. 
However, conditions were such that the paddle- 
wheel towboat was still in a strongly competitive 
position for river use. 


Gradually, in the ensuing years, the conditions on 
the inland rivers have changed. Extensive dredging 
and flood control projects have provided channels 
with guaranteed depths sufficient for the efficient 
utilization of the screw propeller. Improved tunnel- 
stern designs, better light-weight, high-speed prime 
movers, and the adoption of the Kort Nozzle in 
river towboats have made this form of propulsion 
more profitable from a commercial standpoint. The 
stern-wheel towboat and the stern and side-wheel 
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Figure 31. The Army Engineers’ Stern-Wheel Design. 
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passenger boats are now seldom seen on the inland 
rivers of the United States. 

The last of the great side-wheelers were two pas- 
senger ships built for service on the Great Lakes. 
These were the Greater Buffalo and the Greater 
Detroit of the Detroit and Cleveland Navigation 
Company, and were built by the American Ship- 
building Company of Cleveland, Ohio. 

A first analysis of the intended service indicated 
the need for two vessels of about 560 feet in length, 
with about 800 staterooms each, and a maximum 
speed of 22 statute miles per hour. However, the 
use of twin screws with geared turbine or turbo- 
electric drive which would be required to power 
ships of this size appeared too costly for the ex- 
pected revenue. Since this service was restricted to 
a four and one-half month operating season, the 
initial cost was an extremely important factor. 

Another factor which led to the selection of pad- 
dle-wheels was the restricted depth in Lake Erie. A 
draft limitation of 15 feet 6 inches was imposed 
which would make difficult the efficient ultilization 
of large horsepowers in screw propellers at that 
time. Also the short steep waves in Lake Erie were 
expected to be such that screw propellers would 
race frequently as the tips emerged from the water. 

As a result of the financial and engineering limi- 


tations, the two vessels were designed with paddle- 
wheel propulsion. The machinery used was adapted 
from the design of the Seeandbee which had seen 
service on Lake Erie some years previously. By 
certain minor changes, the indicated horsepower of 
this machinery was raised from 9000 to 10500. 

Using this machinery required the reduction of 
the intended length by some 30 feet and the pas- 
senger staterooms to 625. It was also decided that a 
speed of 21 miles per hour would be satisfactory. 
The final dimensions of the Greater Buffalo and 
Greater Detroit were: 

Length on waterline 

Length overall 

Beam, molded 

Beam over guards 

Depth to main deck 


As can be seen from the midship section drawing 
in Figure 32, the passenger decks overhung the 
paddle-wheels thus creating a few problems in sta- 
bility. However, the low center of gravity of the 
heavy engines aided in increasing the metacentric 
height. These were three cylinder, compound, in- 
clined steam reciprocating engines with one 66 inch 
diameter high pressure cylinder and two 96 inch 
diameter low pressure cylinders; the stroke was 9 
feet. 


Figure 32. Midship Section of the Greater Detroit. 
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The paddle-wheels were of the feathering type 
with an overall diameter of 32 feet 5 inches and a 
blade circle diameter of 25 feet 6 inches. The eleven 
blades were built with a slight curvature and were 
14 feet 10 inches long and 5 feet wide. The blade dip 
was 7 feet 6 inches. A drawing of one of these 
wheels is given in Figure 33. 

On trial these ships attained a speed of slightly 
over 21 miles per hour with an indicated horse- 
power of about 12000 and with the paddle-wheels 
turning at a rate of 30 revolutions per minute. The 
propulsive coefficient was about 48.75 per cent at 
maximum speed and about 50 per cent at normal 
speed. The two ships were built in 1924 and saw 
service as passenger vessel between Buffalo and 
Detroit for many years. 

At the outbreak of World War II the U. S. Navy 
had an urgent requirement for training pilots in 
carrier landings and take-offs. The lack of avail- 
ability of combatant ships for training purposes led 
Navy officials to look for other craft which might 
serve. The Greater Buffalo and the Greater Detroit 
were found to be particularly adaptable for this 
purpose. The wide overhanging passenger deck pro- 
vided sufficient area for conversion to a flight deck, 
the speed of 21 miles per hour was sufficient for the 
low speed training aircraft, and the paddle-wheels 
on either side made the vessels very maneuverable. 


Converted to aircraft carriers the ships were re- 
named Wolverine and Sable. They performed yeo- 
man duty in the training of U. S. Navy pilots and 
probably are the first and last aircraft carriers ever 
to be driven by the age-old paddle-wheel. 


Although the paddle-wheel as a means of ship 
propulsion is gradually passing out of existence, 
there are still undeveloped areas in the world where 
it is the best solution to the propulsion problem. A 
recent example of such an application is the group 
of six paddle-wheel towboats built by Yarrow and 
Company, Ltd., of Glasgow for the Sudan Govern- 
ment in 1955. 


These towboats have twin paddle-wheels mounted 
on the port and starboard quarter, and are hence 
designated as quarter-wheel tugs. A photograph of 
one of these, the Tagoog, is shown in Figure 34. 
They have the following principal dimensions: 

Length overall 

Breadth, molded 

Depth, molded 

Draft, load 

Brake Horsepower 

Speed, mph (tow_ng five barges) 

The quarter-wheel tugs are of steel construction 
with twin, geared-diesel drive. They were shipped 
from Scotland in a dismantled condition to Khar- 
toum on the Nile where they were reassembled. 


Figure 33. Feathering Paddle-Wheel of the Greater Detroit. 
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THE PADDLE-WHEEL IN MARITIME HISTORY 


Figure 34. The Quarter-Wheel Tug Tagoog. 


They were designed for moving a train of barges, 
either pushed or lashed alongside, between Kosti 
and Juba on the White Nile. In these narrow, shal- 
low waters with swift moving currents, the paddle- 
wheel is at its best. 

CONCLUSION 

Despite the fact that some paddle-wheel driven 
ships are still in operation this method of ship pro- 
pulsion is well on its way to extinction. At the close 
of the nineteenth century the seagoing paddle- 
wheeler was a thing of the past. Now, as the rivers 
of the world undergo programs of improvement to 
increased width and depth and to control the rate 
of current, the paddle wheel will no longer be re- 
quired for propulsion on inland rivers. 

It is with a wave of nostalgia that naval architects 
and marine engineers see the last of the great pad- 
dle-steamers disappear. These ships made a tremen- 
dous contribution to a young and expanding tech- 
nology both in the advancement in the state of the 
art and in the elevation of that art to a new level of 
esteem in the eyes of the public. 

The paddle-wheel filled a distinct gap in techni- 
cal knowledge during the slow transition from sail 
to mechanical propulsion. While higher speed ma- 
rine engines were being developed to drive the more 
efficient screw propeller, the paddle-wheel provided 
needed experience with mechanical equipment at 
sea. It gave the public confidence in the marine en- 
gineer and fostered the development of the numer- 
ous propulsion auxiliaries essential to the operation 
of a modern seagoing ship. 

On the inland rivers the development of the 
western areas of the United States would have been 
considerably delayed had it not been for the ubi- 


quitous paddle-wheel. So too would many of the 
underdeveloped areas of the world have lacked ex- 
ploitation had they not been made accessible by 
this hard working propulsion device. 


Although the paddle-wheel will soon be but an 
interesting relic in the museums of the world, it 
should never be forgotten nor derided. It did its job, 
and did it well, in a time when it was needed the 
most. The paddle-wheel has earned an honored 
niche in the annuls of maritime history. 
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Official U. S. Navy Photograph 
Aerial View of USS Hornet (CVA-12) Being Refueled from USS Passumpsic (AO-107) at Sea 


Official U. S. Navy Photograph 
USS Ranger (CVA-61) 34 Stern View 
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(= is the third paper on the Voith-Schneider cy- 
cloidal propeller presented to this Institution: the 
first some 22 years ago when 20 vessels were fitted 
with this system of propulsion and the second 10 
years ago when nearly 250 ships was the score. This 
coincided with a period of gestation from which re- 
sulted considerable simplification and improvements 
in the design of the propeller. Today there are 480 
vessels with these propellers in service or under 
construction throughout the world. 


APPLICATION 


The field of application for the cycloidal propeller 
has been previously discussed and experience has 
confirmed its suitability for shallow-draft vessels 
and for ship types calling for exact control at low 
speeds. The floating crane, more often than not a 
box in the water with its vast wind surface of the 
crane, is called upon to operate in very restricted 
waters and to a high degree of accuracy of move- 
ment. Cranes with cycloidal propulsion enable them 
to operate without tugs even under high wind con- 
ditions, thus making them economically efficient. 
Excluding naval craft about 30 per cent of the total 
vessels fitted are ferries and this is not surprising 
if the ferry is considered as a floating bridge and 
therefore always available. There are services in 
Great Britain and abroad where the cycloidal fer- 
ries alone can operate during stormy or flood con- 
ditions. Arising from this and also because they can 
operate under the worst ice conditions, the Swedish 
Government has chosen the Voith-Schneider propel- 


ler as standard for all ferries which form part of the 
road system. Similar considerations have resulted in 
other complete ferry fleets being so fitted. 


Forward Propulsion: 


The outstanding advance in the application of cy- 
cloidal propulsion has been the introduction of a 
forward propeller for towing or similar duties. It is 
a logical development made possible only with a 
cycloidal propeller which, being able to control the 
direction of the vessel when fitted forward, enables 
the towing hook to be placed at the end of the ves- 
sel. This eliminates the two major disadvantages to 
the normal screw tug, which must have its tow 
hook somewhere amidships in order to make the 
rudder effective. Firstly, the tug must have a large 
metacenter and heavy displacement to avoid capsiz- 
ing when maneuvering with tow. Secondly, the time 
lag to get into position to exert a thrust calls for 
higher powers than would be needed if the pull 
could be given immediately it was required. Some 
5 years ago the first experimental towing craft with 
a Voith-Schneider propeller forward, called the 
Voith Water Tractor (Figure 1) showed that it pro- 
vided what was virtually a rigid connection between 
the point of thrust—the propeller—and the connect- 
ing point of the tow itself. The tractor and the 
hawser are always in one line so that no heeling 
moment is given. Thus the tractor may have smaller 
dimensions and in many instances has 50 per cent 
less displacement than the corresponding tug. The 
constantly taut tow line gives an effective pull im- 
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FIGURE 1.—1,300 h.p. ship handling tractor, draft 10 ft. 8 in., displacement 185 tons. 


mediately and the tractor does not have to get into 
position as does the tug before exerting a thrust. 
Furthermore, there is no rudder or other appendage 
at the after end to foul the tow line, while the ad- 
vantages of the uni-directional constant-speed pro- 
peller with its variable pitch are established factors 
in efficient towing operations. The under-water form 
gives, as far as possible, minimum frictional resist- 
ance to the propeller stream. The stern thrust of the 
tractor is equal to the forward thrust and the same 
maximum thrust is available for change of direc- 
tion. These combined characteristics lead to a high 
degree of maneuverability and overall towing effi- 
ciency. There is far less likelihood of accidents 
with tractors than there is with tugs, which are 
liable to get into positions where they are either 
capsized or run down by the tow. The tractor, with 
its tow line made fast to the extremity, is never 
subject to the same danger of capsizing and if 
pressed under the bow of the moving tow can sheer 
off by exerting an athwartships thrust equal to the 
full engine power. 

The development of the tractor has resulted from 
a large number of tank tests to resolve such import- 
ant considerations as: 

(1) The most suitable hull form to minimize frictional 
resistance from the forward propeller stream. 

(2) The correct bow lines to feed water to the propeller. 

(3) The position of the propeller. 
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(4) The position and form of the propeller protection 
plate and supporting struts. 


(5) Course stability when going ahead and astern. 


The problem differed as between single and twin 
installations and on the requirements of speed and 
pull. Obviously length had an influence on the 
speed and it is of interest to note that the first ship- 
handling tractor with 2350 b.h.p. engines had a 
length of 65 ft. and a speed of 9.7 knots, the pull 
being 9 tons. Subsequent tank tests showed a con- 
siderable speed increase with a lengthened hull and 
in consequence the following 4 sister ships had a 
length of 75 ft. retaining the same beam but with 1 
ft. less draft. This resulted in a 14 per cent increase 
of speed with the same pull. The problem of provid- 
ing a flat hull in way of propellers in large single- 
unit tractors, together with the positioning and 
structural form of the protection plate and struts, 
was resolved only after a number of tank tests and 
modifications to hull form and protection structure. 
Consideration must also be given to the hull form 
where the tractor is to be used not only for towing 
but as a pusher. This is quite practicable since the 
thrust of the propeller is the same in any direction. 
When pushing, however, the tractor is turned 
around and the propeller is, so to speak, in the stern 
of the vessel. 

The cycloidal propeller for fishing vessels is de- 
sirable because of the variable pitch for trawling 
and the absolute control of the vessel at low speeds. 
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That it has not been adopted may be due to the 
conservatism of the trawler owner who has only 
recently accepted the Diesel engine as a prime 
mover. Excepting therefore for fishery research ves- 
sels and more than 100 mine-sweepers, which in 
fact are trawlers, no deep-sea commercial fishing 
vessel had Voith-Schneider propulsion until 1957. 
The introduction, or rather re-introduction of trawl- 
ing over the stern and the proved method of using 
cycloidal propellers forward as in the tractors re- 
sulted in the consideration of a similar layout for 
fishing vessels. Here was a possibility of overcoming 
the inherent limitations of the Diesel engine and 
providing advantages which could be stated as: 


(1) Uni-rotational, constant-speed engines could be used. 

(2) Absolute control of the vessel when trawling. 

(3) All machinery could be forward, leaving the main 
body of the ship available for working decks and storage 
rooms. 

(4) Clear after decks for landing the fish and as working 
platforms. 

(5) No under-water obstructions aft to foul the net or 
warp. 


The first vessel of this type to be built was a fish 
factory ship 227 ft. in length and with propulsion 
engines of 2600 bh.p., each driving a Voith- 
Schneider propeller through short shafts. The power 
and propulsion plant is in one compact chamber, the 
propellers being just forward of the Diesel engines. 
Exhaustive tank tests were carried out on the lines 
of this vessel to determine the correct hull form and 
the position of the propellers to give the best Q.P.C. 
A speed of 13 knots was demanded and obtained 
both in tank tests and on trials. Reports on this ves- 
sel so far indicate that the fishing efficiency is of the 
highest order and that it can work under conditions 
when the normal stern-screw trawler must stop. 


Auxiliary Control Propellers 

This paper so far has dealt with the development 
of the Voith-Schneider propeller in the field of main 
propulsion but in recent years the propeller has 
found an expanding application in larger ships for 
providing a built-in lateral thrust to facilitate ma- 
neuvering in the confines of a dock basin, river or 
canal, thus suplpementing or in some instances elim- 
inating the use of tugs. 

7f ships could push themselves sideways they 
would be considerably easier to handle when dock- 
ing and undocking particularly in adverse weather 
conditions, with an undoubted saving of time and 
money. It is not surprising therefore that attention 
has been directed in recent years to possible ways 
and means of producing a lateral thrust and at pres- 
ent thought is being given to the following: 


(1) Water jets. 

(2) Screw propellers in transverse tunnels in the hull. 

(3) Voith-Schneider propeller in transverse tunnels in 
the hull. 


Of these three methods the Voith-Schneider propel- 
ler is undoubtedly the most widely used. There is an 


isolated example of a small launch using water jets 
for steering purposes and more recently an installa- 
tion to provide a measure of counter reaction to the 
water jets in a firefloat. But these suffer from the 
unavoidable low efficiency of the water jet and so 
far as is known there is no ship at present in service 
using water jets specifically to obtain lateral thrust. 
A screw propeller in a tunnel was recently fitted to 
a tug to obtain purely lateral thrust which is, so far 
as is known, operating satisfactorily. 

The Voith-Schneider propeller, apart from naval 
applications, has, in the past three years, been suc- 
cessfully installed in a number of ships specifically 
to produce a lateral thrust. In each instance the pro- 
peller has been situated in the bow and its success 
may be judged from the fact that in this period 12 
new ships were specified to be so equipped. 

Important factors determining the thrust, and thus 
power required, are the exposed wind surface of the 
vessel and the service conditions taking into account 
the maximum wind force to be normally expected 
throughout the year and the degree of shelter pro- 
vided at the terminals or when navigating narrow 
channels where some form of auxiliary bow control 
is desirable. 

Approach has been made to this problem in terms 
of the power of a tug or tugs considered advisable to 
use under the worst conditions. Generally speaking 
the tug power provided is much in excess of what 
would be required if the thrust could be exerted 
immediately at 90° to the fore-and-aft line. It will 
be realized that a tug of 1,000 h.p. and 10 tons resi- 
dual thrust will in effect give an athwartships pull 
of only 24% tons when 15° on the bow. 5 tons at 30° 
and only 8% tons at 60°. Furthermore it must take 
some time to get into position to exert these forces, 
so that an appreciably smaller force than 10 tons, if 
immediately available for lateral thrust. would be 
more effective than the tug. The cycloidal propeller 
does give immediate thrust response and, since the 
speed and direction of rotation are constant. the 
thrust can be varied from zero to maximum either 
to port or starboard as quickly as the control wheel 
on the bridge can be turned. 

For lateral thrust work, the standard propeller is 
used but without the ahead/astern servomotor. In 
its place is fitted a guide link to the control rod of 
the propeller, thus ensuring that the rod retains its 
correct movement under the influence of the re- 
maining servomotor. The removal of one of the 
servomotors also simplifies the control valve linkage 
inside the propeller. The propeller is installed in a 
well built into the top of a rectangular transverse 
trunk, so that when bolted down only the blades 
protrude into the trunk. Any suitable prime mover 
can be used but to date all the bow propeller instal- 
lations, with one exception, are electrical, which is 
considered to be the simplest and most convenient 
form of prime mover for this application. The size 
of propeller is based on the usual rating of 1 ton 
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thrust per 100 h.p. and to date installations have 
been completed developing thrust carying from 2 to 
12 tons. In the case of the Princess of Vancouver 
the required thrust was 2% tons, while the actual 
developed thrust was more than 3 tons. This thrust 
was obtained from a size 14E propeller with a swept 
area of approximately 14 sq. ft. the a.c. electric mo- 
tor developing a maximum of 275 b.h.p. at 800 r.p.m. 
Two more installations for ships of closely similar 
dimensions will have propellers sizes 16E and 18E 
respectively at inputs of 400 b.h.p. and 500 b.h.p. A 
direct comparison of these three installations can be 
obtained from Table I. 


TaBLE I—Particulars of 3 similar-sized vessels fitted 
with Voith-Schneider Bow Propellers 


Canadian Australian B.R. Channel 
ferry ferry ferry 
Ship Dimensions: 
L.BP., ft. 388 341.75 358 
Breadth mld., ft. 63 58 59 
Depth mld., ft. 19.5 20.75 18.25 
Load draft, ft. 14.79 15 12.958 
D.P.L., tons 6,820 4,535 4,180 
Prop. size 14E 18E 16E 
Swept area, sq. ft. 14 24 18.5 
B.h.p. 275 50% 400 
Thrust, tons 3 5 4 


Since its introduction more than 200 Voith- 
Schneider propellers have been constructed and 
successfully operated at powers between 800-1,000 
h.p., with many units up to 2,000 h.p. There is thus 
immediatelv available a proved and established unit 
to provide lateral thrust and maneuverability to 
large ships. A particular example of a higher pow- 
ered bow propeller is that in the new German Rail- 
ways Baltic ferry, in which the propeller of 1,150 
h.p. takes the place of a bow rudder to steer the ves- 
sel when she is proceeding astern as well as to pro- 
vide lateral thrust. In this installation the electric 
motor is actually built into the propeller casing, 
thereby effecting a considerable saving in space 
without anv increase in all-up weight. A compari- 
son of this installation with that fitted on the sister 
ship, which has a bow rudder, shows that the larger 
propeller takes up no more space than the smaller 
(half the power) lateral thrust proveller and bow 
rudder put together and less when the bow steering 
gear is taken into consideration. 


The compact, self-contained character of the 
Voith-Schneider propeller permits a wide variety of 
arrangements to suit special considerations of 
weight, space and power. It may well be that, in the 
case of large ships (particularly passenger ships), 
the installation of a single bow propeller would raise 
serious problems concerning the provision of suit- 
able access from the deck to the propeller room, by 
means of which the propeller might be unshipped 
for maintenance, survey or replacement purposes. 
In such cases, it is a simple matter to provide two 
smaller units side by side, together developing the 
required thrust, but each half the size of the equiv- 
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alent single propeller. Besides being lighter, they 
require a smaller access from the deck, and hence 
ease the problem of finding the necessary trunked 
space in the upper decks. A typical arrangement of 
this lay-out shows that the dimensions of the 
athwartships tunnel remain virtually unaltered 
when using two half-power propellers compared to 
that required for the single large propeller. 


Methods of Control 

The usual connection between the bridge control 
position and the servomotor control valves in the 
propeller is mechanical either by means of rotating 
shafts or push-pull rods and levers or by a combina- 
tion of these two methods. Where the distance be- 
tween the control position and the propeller or pro- 
pellers is not great—say under 200 ft—these me- 
chanical systems are cheap, simple and efficient. 
However, due to the relatively short linear travels 
of the servomotor control valves (they have a maxi- 
mum stroke of approximately 5 in.) they reveal 
certain shortcomings, when required to operate over 
great distances and particularly when there is con- 
siderable difference in height between the control 
position and the propeller. Moreover, as the indi- 
cators in the control pedestal, which measure the 
degree of pitch applied, are operated directly from 
the shafting inside the pedestal, there exists the pos- 
sibility that through a break in the shafting or fail- 
ure of the hydraulic servo system, they may not 
give a true indication of the position pertaining at 
the propeller. While this shortcoming might be ac- 
cepted in a small craft, it is obviously not satisfac- 
tory in bow propeller applications in large ships, 
particularly where, as in the large propeller installa- 
tions. the developed thrust is equivalent to having 
an additional tug. 

It appeared that the obvious alternative was a 
form of hydraulic connection between the control 
position and the propeller. It is easier to install, 
there is ne multiplicity of bearings, splines, levers, 
gears and so on, requiring periodic attention and 
lubrication, and, most important, the arrangement 
of the indicators can be easily chosen so that the 
true position at the propeller is shown at the control 
position. 

An alternative hydraulic control was therefore 
developed which is an adaptation of a control al- 
ready widely used in some types of steering gear. 
It consists of a control pedestal cast in aluminum 
in three sections. The top section contains a suitable 
dial-type rudder indicator. The center section forms 
an oil tank into which is fitted a small three-throw 
reciprocating pump, operated by an automobile-type 
handwheel. The pump is connected to the external 
hydraulic circuit in such a way that the direction 
of the fiow of fluid round the circuit is determined 
by the direction of rotation of the pump crankshaft. 
A suitable relief valve is fitted to protect the sys- 
tem from excessive pressure. The receiver unit is 
quite straightforward, consisting of a pair of parallel 
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FIGURE 2.—Bow propeller for C.P.R.ferry with Voith-Schneider propeller. 


rams acting, through a simple type of rapson slide 
motion, on a crosshead connected directly to the 
propeller servo control spindle. The electric rudder 
angle transmitter is operated directly from the serv- 
omotor piston rod; thus the actual pitch applied to 
the propeller is indicated positively at the control 
pedestal. A further safeguard is provided by an 
electric switch operated by the receiver unit cross- 
head, such that, when the servomotor control valve 
is in the mid-position a small lamp in the control 
pedestal is illuminated. 


Tunnel Apertures 


Little need be said about the shape of the actual 
tunnel beyond noting that experience to date favors 
the minimum cross-sectional area in way of the 
propeller blades. On the other hand, as might be 
expected, the shape in plan of the tunnel aperture 
has a marked influence on the ship’s hull resistance. 
Figure 5 shows the tunnel aperture shape used in 
the Princess of Vancouver. The aperture has both 
forward and aft edges of the tunnel aperture radi- 
used, whereas in an Australian ship the forward 
edge is sharp and the after edge has a pronounced 
radius. The decision to fit a bow Voith-Schneider 
propeller in the Canadian vessel was taken at a late 
stage in her construction: the shape of the aperture 
was, therefore, based on the experimental data then 
available. Unfortunately, other considerations made 
it necessary to run the speed trials of this ship with 


the aperture closed, and so no records are available 
to show the effect of the aperture on the ship’s 
maximum speed. In operation, however, there is no 
evidence to show that the aperture shape has any 
adverse effect upon the ship’s speed under service 
conditions. 


DESIGN 


There has been no change in the drive of this pro- 
peller, which is by a horizontal power plant through 
a bevel gear or by a vertical drive and a spur wheel 
or by an electric motor built in the propeller, the 
rotor of which turns at the desired propeller r.p.m. 
Neither has there been any change in the estab- 
lished hydraulic method of thrust direction and 
pitch control through two servomotors operating 
the control joystick with high-pressure oil. But 
there have been a number of modifications in design 
dictated by experience which have simplified the 
propeller, reduced maintenance and made assembly 
and dismantling easier. Advantage has also been 
taken wherever desirable of using new materials 
and new techniques. One important change has been 
the replacement of the triple carbon ring stuffing 
box between the standing and rotating parts by a 
single synthetic rubber seal incorporating a leak off 
to the bilges. This was made possible by turning the 
bevel wheel upside down, thereby reducing sub- 
stantially the diameter of the seal, which is ade- 
quately cooled by the oil in the propeller. This im- 
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proves the mechanical efficiency of the propeller and 
contributes in a marked degree to the present sim- 
plicity of assembly. Another simplification has been 
to use the strong backs of the propeller casing as the 
oil tanks, thus removing the need for separate tanks 
and additional pipe lines and reducing installation 
costs. The gear pump drive is direct by a pinion 
wheel driven from the main bevel wheel instead of 
by chains. 

Blade shaft seals have been the subject of much 
thought and experimentation, and experience over 
the past 25 years in all kinds of water, sand and 
mud conditions has resulted in a seal with a leather 
cup on the water side and a synthetic rubber seal 
on the oil side. At first sight this would appear to 
be a compromise between the opposing protagonists 
of leather and synthetic materials but in reality it 
has derived from a full appreciation of the merits of 
both as shown in service. A good leather seal with 
its broader face, provided it is lubricated, can cope 
with sharp sand and indeed many propellers with a 
single leather seal have operated unchanged for a 
number of years. On the other hand, the sharp edge 
of the synthetic seal is more prone to damage by 
sand and solid particles in the water. Nevertheless, 
there are many who prefer the synthetic material 
because it is uniform, whereas the quality of the 
leather is variable. Hence the present design with 
the lower seal of leather to take care of sand and 
solid particles in the water and the upper seal of 
synthetic rubber. This seal is upside down to the 
normal arrangement to allow a slight seepage of oil 
to pass to the leather seal to keep it in good condi- 
tion. A further improvement has been to introduce 
a sand excluder ring, which is screwed to the top 
of the blade and therefore oscillates with it. This 
ring acts as a baffle to the solids in the water, deny- 
ing them direct access to the lower seal and to the 
gland ring on the blade shaft. 

The vanes on the outer perimeter of the runner 
wheel have been discarded in favor of a circular 
wall having holes in the bottom through which the 
water is ejected under centrifugal force when the 
propeller gets up speed. This also has added to the 
mechanical efficiency of the propeller as the vanes 
were found to be greedy of power. 


Kinematics 

The relative motion of each blade of the cycloidal 
propeller in relation to the propeller rotor is an 
oscillation with a slow advance and a quick retard. 
The maximum amount of the oscillation depends 
upon the eccentricity of the control point through 
which the normal to the blades pases. The distance 
of the control point from the center is thus a meas- 
ure of the pitch of the propeller. 

There are two standard types of Voith-Schneider 
cycloidal propellers, one for heavily loaded propel- 
lers such as tugs with a maximum pitch of 0.73 and 
a kinematic system consisting of two arms from the 
control center to the blade shaft (Figure 3), and 
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the other for free-running vessels with a maximum 
pitch of 0.82 and a kinematic system of three arms 
from the control center to the blade shaft. (Figure 
4). 

A variable pitch and variable thrust propeller can 
also be obtained with a blade motion which follows 
a sine curve. Such a blade motion requires only one 
arm from the control center to the blade shaft (Fig- 
ure 5) and is therefore cheaper to manufacture. The 
efficiency of a sinusoidal propeller is lower than the 
cycloidal propeller and the difference varies in ac- 
cordance with the propeller loading. For slow-mov- 
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FIGURE 5 


ing ships and heavily-loaded propellers this differ- 
ence is not great, and therefore craft such as short- 
distance ferries, small floating cranes and the like 
have been fitted with the sinusoidal propeller with 
3 blades. But this propeller falls off rapidly in effi- 
ciency compared with the cycloidal propeller when 
lightly loaded in higher speed vessels, and for this 
reason can be considered only within a very limited 
range. 


The number of blades is determined generally by 
the choice of the propeller. The simple sinusoidal 
propeller will most likely have three blades in order 
to make it as cheap as possible. The cycloidal pro- 
peller with the lower kinematic system when used 
for tugs will have 6 blades in order to give the best 
possible pull at low ship speeds. For free-running 
ships the high-pitch cycloidal propeller will have 4 
blades, which give the best results at speed. Never- 
theless, special cases call for special propellers as, 
for instance, a number of 24-knot naval craft with 
engines of 22,000 h.p. have propellers with an orbit 
diameter of 1,600 mm. and 6 blades, whereas the 
standard propeller of this size with 4 blades would 
take a maximum of about 500 h.p. for a vessel of 
14 knots speed. 

A special propeller has been designed for vessels 
of shallow draft. This design enables blades to be 
removed upwards through the body of the propeller, 
which is obviously of considerable advantage for 
changing a damaged blade or for examining the 
blade seals. Where propellers are situated below the 
waterline an outer watertight well can be fitted to 
enable the propeller to be lifted without trimming 
the vessel or docking. 


One further modification has been made neces- 
sarv by the increasing number of propellers situated 


below the waterline. All modern propellers are con- 
structed so that a pressure head can be put on the 
oil in the propeller, thereby counteracting the up- 
ward force of the external water on the blade shaft 
seals. The oil reservoir when needed is placed some 
2 ft. above the load waterline. 


Close attention is paid to developments and new 
techniques which may lead to improvements or 
simplification in the propeller. Among these are 
changes in construction of the needle bearings which 
are used on the blade shafts to take the thrust. The 
open type of bearing was difficult to install and if 
one needle was damaged lead to a quick breakdown. 
For some years therefore a frame type was used 
which proved highly successful and partly removed 
the disadvantages of the open type. For the past 3 
or 4 years the cage type needle bearing has been 
introduced in which each needle is supported in its 
own cage and this type has virtually removed the 
previous disadvantages. 


Efficiency 

Some reference has already been made to the 
efficiency of the Voith-Schneider propeller partic- 
ularly in comparison with the screw. A large ma- 
jority of new construction is tank tested, particu- 
larly where a series is concerned such as in the 
recent order for the 5 new vessels for the Penang 
ferry fleet and for the 9 estuarial tankers for service 
in Great Britain. The main object of these tank tests 
is to ensure that the stern lines are best suited for 
the propeller characteristics. As with the screw, if 
a box-shaped hull is used then the overall propul- 
sive efficiency will be correspondingly low. Slight 
modifications to the stern lines so as to give a good 
flow of water to the propeller and a flat stream away 
from it can make substantial improvements. As also 
with the screw, the propulsive efficiency, particu- 
larly of heavily-loaded propellers, is a function of 
the swept area of the propeller. Broadly speaking, 
tank tests have shown that given equal swept areas, 
that is, the area contained within the circle having 
a diameter of the screw compared with the rectangle 
of the cycloidal propeller, and correspondingly 
suitable lines aft, the overall propulsive efficiencies 
are about the same. But this relates to one direction 
only. The stern pull of the cycloidal propeller is 
equal to its forward pull and will therefore be more 
efficient in that direction than the screw. If also the 
efficiency of the vessel is measured over its whole 
range of speeds and loadings from zero to maximum 
and including the control of the vessel, then the 
variable-pitch cycloidal propeller must be superior 
to the screw. 

Much valuable information is also available on 
double-ended vessels which have been tank tested 
both for resistance and propulsion. Comparison with 
double-ended 2- or 4-screw vessels is difficult be- 
cause propulsion tank-tested figures for the latter 
are not available. The difference in thrust of the 
screw when going is opposite directions does not 
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lead to good overall propulsive efficiency and many 
double-ended screw vessels trail their forward pro- 
peller. The recent results given by Volpich and 
Bridge for paddle wheels show that overall propul- 
sive efficiencies in the order of 0.40 to 0.45 can be 
expected and these figures compare with those de- 
rived from tank tests of double-ended Voith- 
Schneider vessels, whose efficiencies appear to be 
particularly influenced by the block coefficients. 
Broadly speaking, they are below 0.40 where the 
block coefficient exceeds 0.50 and in excess of 0.40 
where the block coefficient is less than 0.50. These 
efficiencies are for normal propeller sizes for the 
horse-power and can be substantially improved if 
advantage is taken of the cycloidal propeller to use 
larger diameter propellers without increasing the 
blade length. Thus free-running speeds of the 
double-ended Voith-Schneider ship can be compared 
with the paddler under calm water conditions. 
Where the water is rough, the paddler will be af- 
fected because of the inefficient immersion of the 
paddles whereas the Voith-Schneider double-ender 
will not suffer to the same extent. The single-ended 
cycloidal-propelled ship will be superior to the pad- 
dle and compare with the single-ended screw of 
similiar swept area. The machinery weight of the 
Voith-Schneider will be considerably below that of 


Among many requirements which must be fulfilled for a successful 


the paddler and possibly that of the screw vessel 
because of the elimination of reverse reduction 
gear, steering equipment, rudders, etc. 


THE FUTURE 


The Voith-Schneider propeller can claim to be 
firmly established for the main propulsion of vessels 
operating in restricted waters where control is a 
vital factor in the operational safety of such vessels 
and it will continue to expand in this field. 


The progressive introduction of the tractor ma- 
terially reduce the casualties associated with ship- 
handling tugs and already the growth of complete 
tractor fleets is significant. 


The auxiliary bow control propeller may well ex- 
tend its application to the largest sea-going ships 
both passenger, tanker and dry cargo in order to 
improve their maneuverability at low speeds and, 
if necessary, enable them to dock and undock with- 
out the aid of tugs. In the smaller class of vessels 
such as near-water and cross-channel ships, dredgers 
and the like, the present use of the propeller for 
auxiliary bow control may be a stepping stone to its 
adoption as the complete propulsive unit and so take 
the fullest advantage of the properties of this cy- 
cloidal propeller. 


space probe, E. W. Burgess has named several which must be met for a 


Martian vehicle. The extreme accuracy of burn-out velocity control is in- 


dicated by the requirement for a velocity error of 0.1 foot per second at 
a velocity of about 44,000 feet per second. An error of | foot per second 


could cause the missile to miss Mars by about 25,000 miles. A Martian 


vehicle is estimated to require a ratio of launch weight to payload of 


about 2000. Ideal launch conditions occur when the earth moves past the 


intersection of its own orbital plane with that of Mars, and when the rela- 


tive position of the two planets is such as to provide a minimum-energy 


path from Earth to Mars. These two requirements are met simultaneously 


only once every fifteen years. 
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Designing a steam generator for a pressurized has limitations based upon practical pump require- 
water reactor system to meet a given set of perform- ments and the system pressure drop. Thus, for all 
ance specifications involves the unique application intents and purposes, the requirements of the reac- 
of well-known principles. It is this uniqueness that tor coolant, such as temperatures and flow, are 
leads to many problems for the designer of this established at the outset when the reactor power 
equipment. In order to understand these problems and fuel element designs are known. Similarly, 
and some of the methods used to reach a reasonable these same requirements are known for the steam 
engineering solution by designers, it first becomes generator as soon as the number of heat exchangers 
necessary to look briefly at the reactor system. per reactor is established. The next necessary in- 

In a pressurized water system, the fuel is con- formation for the design of the steam generator is 
tained in fixed, solid-fuel-elements that must be ade- the steam pressure. This is established from con- 
quately cooled to operate properly. From both heat siderations of turbine requirements, cycle efficiency, 
transfer and nuclear stability considerations, a given size of equipment, weight of equipment, etc. There- 
reactor operating pressure limits the outlet coolant fore, much of the preliminary performance data re- 
fluid temperature to a fairly well defined maximum quired by the designer of the steam generator is 
for a given coolant mass flow. The flow of coolant fixed within relatively narrow limits. For the pur- 
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poses of this paper, it will be assumed that the steam 
pressure, primary water flow rate, and tempera- 
tures, and pressure drop have been specified and it 
is necessary to size a steam generator to meet these 
requirements. 

As a starting point, consider the pressure drop on 
the primary side of the heat exchanger. The fluid. is 
subcooled water flowing inside the tubes, and it is 
cooled in its passage through the unit. Since the 
temperature variation is not usually relatively large, 
little error will be introduced in the design stage if 
the properties of the fluid are evaluated at the arith- 
metic mean temperature. The most acceptable form- 
ulation for the calculation of isothermal friction 
pressure drop in pipes for an incompressible fluid is 
due to Moody (1, 2). In general, the pressure drop 
(in psi) is written in the following manner: 


L Vv? 
> 


Where the friction factor f is a function of the rela- 


A 


tive roughness of the pipe ( "q 


) and the Reynolds 


d,; Vp x 3600 


number ( 


)for fully developed turbulent 


flow. Moody has developed curves for f as a function 


of Reynolds number and relative roughness and 
this is shown in Figure 1. Table 1 gives the absolute 
roughness for various types of pipe. 


TaBLE 1 Absolute Roughness for Pipes (Ref. 3) 


Type of Pipe e, ft. 
Drawn Tubing 0.000005 
Commercial Steel 0.00015 
Asphalted Cast Iron 0.0004 
Galvanized Iron 0.0005 

Cast Iron 0.00085 
Wood-Stave 0.006—0.003 
Concrete 0.001—0.01 
Riveted 0.003—0.03 


For nuclear applications, the tubing will be seamless 
drawn tubing and a value of « of 0.000005 ft. is the 
proper value to use. Using this value and assuming 
representative values of Reynolds number and tube 
diameters, it is found that a reasonable value of f 
for preliminary design is 0.014. After the prelimin- 
ary design has been established, this value should, 
of course, be checked. 


In addition to the frictional loss, other pressure 
drops must be considered. These include (for a 
given design) entrance and exit losses from the tub- 
ing, bend losses (if any), entrance and exit losses 
from the primary connections to the unit, etc. Based 
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upon the concept of an incompressible fluid, it is 
possible to write the pressure drop resulting from 
these losses as: 


where K represents the total of the individual losses 

which are assumed to be constant. Therefore, 
K=K,+K,,+K,, 

It should be noted that if primary connection losses 

are included in equation (2), it is necessary to refer 

to loss coefficients for these nozzles to the square of 

the ratio of the tube flow area to nozzle flow area. 


Values for bend loss coefficients depend upon the 
angle of bend, the relative roughness of the tubing, 
ratio of the radius of bend to tube diameter and 
other factors. Pigott (2) has published data on this 
subject and a great deal of data are also to be found 
in reference (3). It will be noted that from these 
references the available data vary even for a 
given investigator. Therefore, the designer must 
either depend upon tests of similar units, or use his 
judgment. For stainless steel tubes bent into a U 
bundle, it would appear that a conservative design 
value of bend loss coefficient for the bundle would 
be 0.5. 

Entrance and exit losses from tubing and piping 
present problems similar to those indicated for 
bend losses. For a well rounded entrance, the loss 
coefficient is 0.05, while for a square entrance, it is 
indicated to be 0.5 (3). A tube welded to a tube 
sheet is neither a square or well rounded entrance, 
and can easily have many geometrical variations 
(out of round, minute projections, etc.) depending 
on the weld procedure, materials, reproducability of 
weld, etc. Once again, it would appear that the 
choice of entrance loss coefficient depends to some 
extent on the designer’s background and judgment. 
However, for preliminary purposes, the use of 0.5 
would appear justified as being a conservative de- 
sign value for the entrance loss coefficient. 

The exit of the tubes (or connections) can be con- 
sidered to be a sudden enlargement with no subse- 
quent regain of static pressure. This is equivalent to 
assuming that all of the pressure drop is dissipated 
in turbulence in the fluid. From momentum con- 
siderations, (4) the value of the loss coefficient for 
a sudden enlargement can be written as: 


If it is assumed that the tubes (or connections) exit 
to relatively large areas, then equation (4) yields 
a value of unity for the exit loss. Even though this 
represents a maximum, in the actual case it would 
be expected that the value would be near unity. 
Therefore, unity appears reasonable as a design 
value. 


From the preceding considerations, the pressure 


drop in the steam generator can be written as fol- 
lows: 


L Vv? 
AP+AP.= 2g 144 


.168L 4K ] 


In terms of total flow rate and tube diameter, equa- 
tion (5a) becomes: 


For a single pass unit (not including connections) ; 


144 


+K |x0.28x 10° . (5b) 


AP+ AP, =0.28x10- Ee 


For a “U” tube unit (not including connections) ; 


AP+AP,=0.28x10-* Lane IC 


Equation (6) and (7) are written in their present 
form since it is assumed that W, p and (AP+AP,) 
are specified. The design variables yet to be deter- 
mined are L, d; and N. It is possible, from consider- 
ations of the heat transfer requirements, to write 
another independent equation for the unit. 

The required thermal performance of the steam 
generator also gives rise to problems in judgment 
on the part of the design engineer. It is necessary 
to consider such possibilities as neutron bombard- 
ment in the reactor affecting the tendency of mate- 
rials in the primary coolant to precipitate and pos- 
sibly materially alter the efficiency of heat transfer 
surfaces. Other considerations involve the behavior 
of materials subjected to gamma radiation and the 
subsequent effect on heat transfer. It is not possible 
to generalize these and other possible machanisms 
that can effect the thermal performance of a steam 
generator for nuclear service. The writer has 
selected an approach below which is illustrative of 
some of the considerations involved. 

The items to be considered are: 


1. Primary side water heat transfer. 

2. Primary side scale allowance. 

3. Tube wall resistance. 

4. Secondary side scale coefficient. 

5. Secondary side boiling coefficient. 

1. On the primary side, there is subcooled water 

flowing turbulently inside of tubes. For this case, 
an expression has been given for the film coefficient 


(5); 


h,,, d,1:8=23.7 


O.8 
1000N 
and referring this to the outside surface; 


d. 
Rus =h, i x 


Equation (8) has been conveniently plotted, and 
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Coefficient of Thermal Conductivity-BTU/Hr. Ft. °F/Ft. 


—" — 

y 

= 

Temperature -100°F 


.°) 1 2 3 4 5 6 


is given as the product of the values from Figure 
3 and 4 where F=d;""“. 

2. In order to evaluate a primary side scale coeffi- 
cient (fouling factor), is it necessary to resort to 
past experience. Since such experience is severly 
limited for this specific application, this factor is 
extremely difficult to assess. However, for reasons 
involving other than the steam generator, the pri- 
mary coolant water is maintained to a very high 
degree of purity. In this instance, it would appear 
that if a fouling factor were to be used for design, 
its magnitude would be large (small resistance). 
This has been indicated in reference (6) where the 
scale resistance on the primary side is neglected. 
For present purposes, it will also be neglected, but 
this does not mean that it should always be neg- 
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Figure 2. Thermal Conductivity of Selected Steels. Source: Metals Handbook 1948. 
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lected. Certainly, if experience indicates a finite 
value for this resistance, it should be included in 
the calculations. 

3. The tube wall resistance, based on the outside 
tube surface is given by 


Values of k for the common stainless steels have 
been plotted as a function of temperature in Figure 
2. 

4.,5. The general literature on heat transfer to 
boiling fluids is very extensive and the fundamental 
mechanisms involved have been studied by many 
investigators (7) However, to the author’s knowl- 
edge there are no data in the general literature that 
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Figure 3. Basic Heat Transfer Coefficient for Subsaturated 
Water. 


explicitly cover the case of nucleate boiling from 
baffled tube banks oriented either horizontally or 
vertically. There is the added complication in that 
the nucleate boiling heat transfer is some function 
of the temperature between the surface causing 
boiling and the temperature of the fluid being 
boiled. This leads to a variable coefficient since the 
primary fluid temperature varies continuously in its 
traverse through the unit. In addition, there is the 
problem of performance of these surfaces after a 
given time has elapsed. 


One approach to this problem (8) expresses the 
film coefficient as an exponential function of the 
temperature difference and then proceeds to inte- 
grate the resulting equation over the surface of the 
unit. The validity of this approach is somewhat 
questionable since the data used are from single 
tube tests and the process of integrating along the 
tube involves certain assumptions which may not be 
physically realized in a heat exchanger. An alter- 
nate possible approach would be the assumption of 
an average value of the boiling coefficient which 
could be taken as a function of the mean tempera- 
ture differences in the unit and the pressure. This 
type of reasoning obviously requires extensive 
background before it could be used with any degree 
of assurance. 


Using this latter approach, an analysis has 
been made of the design performance condition 
of two steam generators (6) and it was con- 
cluded that these units had a combined design 
value of scale plus nucleate boiling coefficients of 
2000 BTU/HR. Ft.? °F. Because of the ease of ap- 
plication, the author will use this value in this 
paper. It is strongly emphasized that this particular 


Figure 4. Factor “F”-Multiplier of Basic Heat Transfer on 
Coefficient. 


value and approach is not necessarily the most de- 
sirable nor recommended by the author. Experi- 
mental results and operational units are required 
before any usable correlation can be proposed. It is 
undoubtedly true that such information probably 
exists in some form, but it may either be classified 
for security reasons or part of the technical know- 
how of industrial corporations. 

On the basis of the foregoing discussion, the over- 
all coefficient of heat transfer (based upon the ex- 
ternal tube surface) cen be written as: 


“U 12k 


It is also noted that: 


Q=UxSxMTD="6' xNxLxUxMTD 


From equations (6), (7), (11), and (12), it is pos- 
sible to obtain a solution to the sizing of a steam 
generator. One modification is necessary at this time, 
i, e; in equations (6) and (7), the length for friction 
pressure drop actually exceeds the heat transfer 
length due to the finite thickness of the tube sheets 
and approximately one foot will be added. Thus 
equation (6) and (7) become: 


d; 


+15 ]. (6a) 


W? 770.168(L-+1) 
_ -6 
AP+AP,=0.28x 10 


+20 } (6b) 


An example of the use of the equations derived 
in this paper will be found in the Appendix. Also 


A.S.N.E, Journal, August 1958 475 


GRANET 
wi d, | 
4 
e 
) . 
e 
y 
|- 
it 


REACTOR SYSTEMS STEAM GENERATORS 


certain curves for ready reference have been in- 
cluded. 


The brief discussion presented in this paper is 
intended to indicate (as the title implies) only a 
few of the many problems that are encountered in 
designing steam generators for a pressurized water 
reactor system. Such considerations as circulation, 
steam purity, water treatment, mechanical design 
for steady and transient loads, mechanical shock, 
supports, nozzle reactions, expansion, corrosion, etc. 
have not been discussed. This is not to indicate that 
these items are unimportant or have readily avail- 
able solutions. Their inclusion would necessitate a 
treatise. Also, many of these items are in the realm 
of being arts rather than sciences and definite math- 
ematical formulations do not exist. Thus, it is neces- 
sary to rely on the collective experience and judg- 
ment of the design organization in order to obtain 
workable and efficient units. 


APPENDIX 


Size a single pass, straight tube steam generator 
with the following information given: 


Primary Water: 

Flow rate (W) 2.5x10° lbs/hr. 

Temperature entering Steam Generator— 520°F 
Temperature leaving Steam Generator—480°F 
Operating Pressure— 2000 psia 

Design Pressure drop (Not including nozzles) 12 psi 


Secondary 
Steam generated at 400 psia (444.6°F) 

Tubing 
Type 347 Stainless Steel, Seamless, Design Pressure 
2500 psi, Design temperature 600°F—Outside diame- 
ter 42”; spacing 34” triangular centers. 


Solution 

From a heat balance: 
where enthalpies are 
reference (9) 
corrected for subcool- 


Q=2.5x 10°[511.5—464.5] 


ing. 
Q=117.5 x 10° BTU/Hr. 
520—480 
480—444.6 


The minimum thickness of tubing required can 
be determined (11) from the information given. It 
will be assumed that the steam side design pressure 
will not govern. Calculating the minimum thickness 
based upon internal pressure yields a value of 
0.0393 inches. The nearest standard thickness would 
be 0.042 inches, and because of tolerance, this would 
be a minimum. It is possible to purchase tubing to 
other than standard gauges without incurring spe- 
cial charges (in some instances), but for the present, 
it will be assumed that the actual tube wall is 
0.042 inches. Therefore, the inside diameter is 
0.416 inches. 
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From equation (6a); 


12=0.28 x 10-* 


(2.5 x 10°) * (L+1) 
0.416* x N° x 49 0.416 


+15 | 


with p@ 500°F 
simplifying yields the following equation: 


N=0.315 x 10° .404L+1.904........ (la) 
From equation (10), the tube resistance is: 


0.25 0.25 
12x10.6 0.208 


And from equations (11) and (12) plus previously 
calculated values, 


117.5x10°= XNXLX53xU (2a) 
and 
= 0.0005 + 0.000369 + 


= 0.000869 + 


Placing the proper values in equation (8), one 
arrives at a value for hy, in terms of N; 


h,,, =1.48 10° ( (4a) 


Equations 3a and 4a are combined to yield an 
equation with N and L as the variables. 


14680 13.7 
N 


Therefore, two independent equations in two un- 
knowns (equations la and 5a) have been derived 
and can be solved simultaneously. Since these 
equations are exponential in character, the method 
of solution used consists of assuming a value of N 
in both equations and solving for the corresponding 
length. A plot of N vs. L from equations la and 5a 
gives an intersection and a desired solution. Table 
2 shows part of this calculation and figure la shows 
the final set of curves. 


The values obtained for N and L are respectively 
967 tubes and 18.65 feet. In order to quickly check 
the arithmetic: 


WwW 
from figures 3 and 4; 1000N” 
h, =1230 
=1230x 4.85=5970 
416 

, = : = 4970 

therefore, hy. 5970 97 

h 0.000869 = 6.001070 
4970 


and 35 
From the heat transfer equation, 


Q=935 x 18.65 x 967 x53 Mower =1175x10° Btu/hr 
This value obviously checks the heat balance and 


the arithmetical operations. 


GRANET GI 
ll 
1 
1¢ 
| 
Pp 
d, 
fe 
I 
IT 
t 
i 


d 


REACTOR SYSTEMS STEAM GENERATORS 


N=0.315 x10*\/ .404L+1.904 
or 


~ 40,000 


L —4.73 


14,680 13.7 
N No.2 


N2 
40,000 


N N? 


1050 13.98 4.02 3.41 17.39 
1000 14.68 3.98 3.44 18.12 
950 15.45 3.94 3.48 18.93 
900 16.3 3.90 3.51 19.81 


1050 1,102,500 27.60 22.87 
1000 1,000,000 25.00 20.17 
950 902,500 22.56 17.83 
900 810,000 20.25 15.52 


One further check readily can be made at this 
point, i.e., the correctness of the assumed friction 
factor. 


0.416 2.5 X 10° x 576 
1 0.416)? x 967 


and from figure 1, f=0.014 which is in exact agree- 
ment with the initial assumption. 


The overall size of the unit may readily be ap- 
proximated as follows: 


Figures 5, 6, 7 and 8 from reference (10) may be 
used for both single pass and U tube designs. In 
making use of these curves it must be remembered 
that any clearances required (for radii, down- 
comers, etc.) must be added to obtain a correct 
inside diameter. 

For 967 tubes, R is found to be approximately 16.3 
Pp 


and therefore, 


Inside diameter is given by 


accurate tube counts and detailed drawings. Once 
again the author wishes to re-emphasize the fact 
that only a relatively limited number of considera- 
tions have entered this illustrative example. Those 
that generally enter any final design would be the 
next set of considerations beyond the calculation 
given above. 


1020 


1000 


where assumed clearances have been included. 
This indicates an outside diameter of roughly 30” 
and an overall length (not including nozzles and as- 
suming hemispherical heads) is closely given as: 


18.6541 + 221+... 


For preliminary layout purposes (to check space 
and feasibility considerations) the dimensions de- 
termined above are generally sufficiently accurate. 
Greater accuracy can only be obtained by making 


940 


900 


15 17 19 21 23 25 
Figure 1A. Graphical Solution to Illustrative Problem. 
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Figure 5. Tube Count for Tubes on Equilateral Triangular 
Centers-Tube on Center-Single Pass Design. 
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NUMBER 


Figure 6. Tube Count for Tubes on Equilateral Triangular 
Centers-Tube on Center-Single Pass Design. 


478 A.S.N.E. Journal, August 1958 


TUBES 


NUMBER OY 


6 8 10 12 16 16 20 % 22 2% 
R 


Figure 7. Tube Count for Tubes on Equilateral Triangular 
Centers-Tube on Center-U Tube Design. 
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Figure 8. Tube Count for Tubes on Equilateral Triangular 
Centers-Tube on Center-U Tube Design. 


GRA 


Pe 
0 'U 


apm 
5 


1300 
1200 
YY 
1100 
1000 Hy 
900 | 
| 
x 
= 600 2.0 
5 
500 
2.5 
= 
300 
200 
8 lo 12 Wm 16 18 20 22 2 26 
100 
R 2 
0 2. 
3 ‘ 
| 
6. 
0600 
6200 
5800 2800 
‘ 2600 
1.5 
5000 2400 
L400 2.0 
2200) 
c 
ZA 
2000 
4000 2.5 
3609 1600) 
1600 
3200 
2800 
22.00 1200 
1000 
26 28 30 32 36 38. ko 42 
I 


14 


GRANET 


REACTOR SYSTEMS STEAM GENERATORS 


® 


a> > 


NOMENCLATURE 


Pressure drop due to friction only—psi 

Pressure drop due to entrance, exit, bends and 
nozzles—psi 

Friction factor 

Length—ft. 

Inside tube diameter—inches 

Outside tube diameter—-inches 

Velocity—ft/sec. 

Density—lbs/ cu.ft. 

Absolute roughness—Ft. 

General loss coefficient 

Entrance loss coefficient 

Exit loss coefficient 

Bend loss coefficient 

Flow area of tubes 

Flow area of header 

Flow rate—lbs/hr. 

Number of tube 


t same units 


rrr 4 


~ 
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Average temperature of primary coolant—°F. 

Inside (water) film coefficient—BTU/hr. Ft? °F. 

Same as h,,;, but based on outside tube diameter 

“Basic” film coefficient from Figure 3 

Outside tube radius—inches 

Inside tube radius— inches 

Thermal Conductivity—BTU/hr. FT? °F/ft. 

Overall heat transfer coefficient—BTU/Hr. FT? 
°F, based on outside tube surface 

Log Mean temperature difference—°F 

Outside tube surface—Sq. Ft. 

Radius to center line of outermost tube—inches 

Tube Pitch, inches 

Absolute viscosity—lbs/ft.hr. 
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, = has always been vital to living things 
upon this planet; even their origin has been ascribed 
to it. But it has never been foreseen that by means 
of water civilized life on earth might be prolonged. 
According to figures quoted by the United King- 
dom Atomic Energy Authority, the estimated re- 
serves of existing fuels, including uranium and 
thorium, will last at present rates of consumption 
no more than 500 years. Whereas the deuterium or 
heavy-hydrogen content of seawater is calculated to 
be sufficient to sustain present energy consumption 
for a thousand million years. By that time whatever 
thinking creatures inhabit the earth will doubtless 
be capable of using the much more abundant com- 
mon isotope of hydrogen as fuel. 

The forces that hold together the protons and 
neutrons of any given atomic nucleus are associated 
with a corresponding quantity of energy. In terms 
of this binding energy, the elements of intermediate 
weight may be regarded as more stable than the 
heavy elements (such as uranium) and the light 
elements (like hydrogen). Thus certain heavy ele- 
ments can be split to form intermediate elements, 
at the same time yielding energy; while nuclei of 
hydrogen isotopes can be fused to form helium, say, 
also liberating energy. In fusion, however, the 
energy evolved per unit mass is significantly 
greater. 

The importance of the successful experiments 
with the Zero-Ene:gy Thermonuclear Assembly at 
Harwell is thus apparert. ZETA is an early step in 
controlling thermonuclear xeactions, by means of 
which energy may be obtained from the Susion of 
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ZETA OPENS UP NEW PATHS IN 
POWER ENGINEERING 
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light nuclei, including those of deuterium. Unlike 
fission reactors, Zeta is almost entirely within the 
province of the electrical engineer. It is essentially 
a transformer in which the closed secondary circuit 
is an ionized gas heated by the current and com- 
pressed into a narrow toroidal filament by the cur- 
rent’s field. The containing vessel or torus is thus 
protected from contact with the high-temperature 
gas. The gas is mainly deuterium and the heating 
effect is believed to be sufficient to promote thermo- 
nuclear reactions. 

If two nuclei are to approach each other closely 
enough for fusion to occur, means must be provided 
to overcome the mutual repulsion due to their like 
electrostatic charges. Clearly, if the nuclei are mov- 
ing towards each other at high speed their momen- 
tum will tend to overcome this resistance, with 
battering-ram effect. One method of achieving high 
speeds is to heat a gas (to temperatures of the order 
of 10° deg. C) so that in accordance with kinetic 
theory the random motion of the nuclei is sufficient- 
ly agitated to produce violent collisions. Reactions 
caused in this way are called thermonuclear. 

The problem of converting the energy evolved 
into electric power may also be the exclusive con- 
cern of the electrical engineer. Direct conversion 
may be possible, using conventional electromagnetic 
principles, since the conducting gas continuously 
undergoes cyclic expansion and contraction. 


DESCRIPTION 


On August 12, 1957, a large experimental appara- 
tus for studying the controlled release of energy 
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ZETA 


from thermonuclear reactions was started up at the 
Atomic Energy Research Establishment, Harwell. 
On August 30 this apparatus, which is known as 
Zeta, and is illustrated in Figure 1, was first oper- 
ated under conditions that produced nuclear reac- 
tions; neutrons emitted in these reactions were 
observed when deuterium gas was heated electrical- 
ly by means of an iron-cored transformer to tem- 
peratures in the region from 2 to 5 million deg. C. 
The hot gas was isolated from the walls for periods 
of 2 to 5 thousandths of a second. The heating proc- 
ess was repeated every 10 seconds. The high tem- 
peratures achieved, together with the relatively 
long duration for which the hot gas has been iso- 
lated from the tube walls, are the most important 
experimental results obtained so far. While much 
longer times (perhaps several seconds) are re- 
quired for a useful power output there appears to 


be no fundamental reason why these longer times, 
together with much higher temperatures, cannot be 
achieved. 

The source of the observed neutrons has not yet 
been definitely established. There are good reasons 
to think that they come from thermonuclear reac- 
tions, but they could also come from other reactions 
such as collision of deuterons with the walls of the 
vessel, or from bombardment of stationary ions by 
deuterons accelerated by internal electric fields 
produced in some forms of unstable discharge. In 
Zeta the number of neutrons produced by each 
pulse of energy as the current was doubled was 
roughly that which might be expected from a ther- 
monuclear reaction at the measured temperatures. 
These temperatures, the highest being in the region 
of 5 million deg. C, have been definitely established. 


Figure 1. Zeta, showing pulse transformer and part of the torus which carries the gas discharge. 
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HEATING AND CONTAINMENT 


As the Atomic Energy Authority have stated in 
their last two annual reports, research has been in 
progress for some years to investigate the possi- 
bility of producing energy in a controlled manner 
from thermonuclear reactions. Over two years ago 
design began of a large installation for this work 
and in August, 1957, Zeta started up, with the re- 
sults described above. The reaction being studied 
in Zeta is that in which deuterons (nuclei of the 
heavy hydrogen isotope deuterium) collide with 
one another and fuse to form heavier nuclei, re- 
leasing energy and some neutrons in the process. 
For fusion to be possible the deuterons must have 
enough energy to overcome the initial electrical 
forces of repulsion between them; this necessitates 
heating the deuterium gas to temperatures of mil- 
lions of deg. C. The hot gas must be kept away froin 
the walls of the container otherwise it falls in tem- 
perature, and vaporization of the wall materials 
causes contamination of the gas. 


Transformer 
Conductor for Stabilising (Primary Winding) 


Field Current 


G 


as 
Filament 


Figure. 2. Arrangement of Zeta showing gas discharge and 
stabilizing-field coils. 


The principle adopted in Zeta, the arrangement 
of which may be gathered from Figure 2, is to pass 
a large electric current through the deuterium gas, 
which is contained in the torus illustrated in Figure 
3. This current sets up an electric discharge in the 
gas (analogous to the discharge in a neon tube) 
which heats it and also produces an intense mag- 
netic field around the column of hot gas. The lines 
of force may be regarded as bands tightening about 
the gaseous plasma, as indicated in Figure 4. This 
magnetic field causes the discharge to become con- 
stricted (pinch effect) and hence heated still more. 
Since it also causes the discharge to wriggle about, 
this field is by itself not enough to keep the dis- 
charge away from the walls. The instability has 
been suppressed by applying an additional steady 
magnetic field parallel to the axis of the tube and 
in the direction of the discharge current as indicated 
in Figure 4; a further correction is provided by 
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ef; 
Figure 3. Interior of the torus before assembly with the 
pulse transformer. 


Torus 


Pinch 
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Figure 4, Plasma containing and stabilizing fields. 


eddy currents induced in the surrounding metal 
walls when the current path (or channel) changes 
its position. 


ZETA: DESIGN AND OPERATION 


Zeta comprises a ring-shaped aluminum tube or 
torus of 1 meter bore and 3 meters mean diameter, 
which contains a gas at low pressure—about 10 
mm. of mercury. The gas is made weakly conduct- 
ing by a radio-frequency discharge. The toroidal 
ionized gas plasma forms the secondary of a large 
iron-cored pulse transformer. A condenser bank, 
storing up to a maximum of 5 xX 10° joules, is dis- 
charged into the primary of the transformer, and 
induces a unidirectional current pulse in the gas 
forming the short-circuited secondary. The current 
pulse in the gas lasts for about 4 milliseconds and is 
repeated every 10 sec.; peak currents up to 200,000 
amperes have been obtained and pulses up to 5 
milliseconds duration. The axial stabilizing field, 
variable from 0 to 400 gauss but usually about 200 
gauss, is generated by current-carrying coils wound 
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ZETA 


Gas Discharge 
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Primary 
Winding 
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Figure 5. Oscillograph recordings with Zeta. 
Figure 5. Basic electrical circuit, showing switching. 


on the torus. At the high temperatures obtained, 
appreciable leakage of the axial flux does not ap- 
pear to be possible. 

The main circuit is substantially that shown in 
Figure 5, and the primary winding is short circuited 
(by closing switch A and opening B) when the 
voltage per turn is zero, thus preventing the charge 
on the condensers from reversing. The current flow- 
ing in the gas persists for about 2 milliseconds after 
the primary is short circuited. With the fall in cur- 
rent the plasma expands until it reaches the walls, 
whereupon it cools. A sudden increase in resistance 
accompanies this process, producing a severe volt- 
age transient, perhaps tens of kilovolts. Destructive 
transients of this kind are suppressed by the addi- 
tion of 5 per cent nitrogen without affecting the 
neutron yield. 


CORROBORATING EVIDENCE 


In Zeta, emission of neutrons has been observed 
throughout the current pulse, and during each pulse 
up to 3 million neutrons are emitted. But as has 
been suggested, neutrons may be produced by sev- 
eral mechanisms in addition to thermonuclear re- 
actions. A thermonuclear yield cannot therefore be 
proved by a large number of corroborating neutron 
measurements, but must in addition be in agree- 
ment with the basic understanding of the processes 
involved and with measurements of the plasma 
physics. Jn the case of Zeta, therefore, a large num- 
ber of different measuring devices are used. These 
include magnetic probes, comprising small coils to 
measure current distribution; double probes to de- 
termine electron temperature; microwave-beam de- 
vices for measuring electron density and tempera- 
ture (the effect employed is similar to the manner 
in which the Heaviside and Appleton ionized layers 
of the atmosphere transmit some wavelengths and 
reflect others); neutron counters to detect nuclear 
reactions, including those of thermonuclear charac- 
ter; scintillation counters to measure X-ray output; 
and image converter cameras for taking high speed 
photographs, through observation slits fitted in the 
torus (a strip of film is passed across the aperture 
at a given rate, so that the photograph will show 
changes in the discharge with time). 

Possibly the most important evidence in confirm- 
ing the occurence of thermonuclear reactions is pro- 


vided by temperature measurements. These are 
obtained spectroscopically. The temperature of gas 
discharges may be determined by measuring the 
light emitted by the gas atoms, but the procedure 
is complicated in this case because, at the tempera- 
ture of the discharge, the hot deuterium atoms are 
completely stripped of their electrons and therefore 
do not emit a line spectrum. One method of solving 
this problem is to mix with the deuterium a small 
quantity of some heavier gas, such as oxygen or 
nitrogen, the atoms of which are not stripped of all 
their electrons under these conditions, and to study 
the spectral lines emitted by this impurity; the ran- 
dom motion of the high-energy impurity atoms 
which make many collisions with the deuterium 
atoms and so reach the same energy causes the spec- 
tral lines to broaden, owing to the Doppler effect, 
and the amount of broadening is a measure of the 
ion energy. In other words, the apparent color of an 
ion depends on whether it is moving towards or 
away from the spectrometer, so that with random 
motion many colors will be presented. Many meas- 
urements by this method have indicated tempera- 
tures in the region of 2 to 5 million deg. C. (AI- 
though electrons, which carry a negative charge, 
are stripped from the nuclei in an ionized gas, they 
should nevertheless be retained in the plasma to 
minimize the overall repulsion effect of the positive 
nuclei.) 


WHAT THE RESULTS SHOW 

The high temperatures achieved in Zeta, and the 
relatively long duration for which the hot gas has 
been isolated from the tube walls are the most im- 
portant experimental results to date. Zeta is larger 
than other similar apparatus so far used in the 
West, and it seems reasonable to suppose that con- 
tainment can be longer sustained in a larger torus, 
particularly one with conducting walls. In Zeta con- 
tainment lasted a few thousandths of a second as 
against a few millionths in other apparatus. Never- 
theless, smaller equipment, both torus and straight 
tube, is yielding valuable information on the effect 
of size on performance. Temperatures have been 
measured spectroscopically only in Zeta and the 
A.E.I. Sceptre III; and it is, therefore, fair to say 
that only in Britain has there been substantial con- 
firmation that thermonuclear reactions have oc- 
curred. 

The preliminary results demonstrate that it is 
possible to produce a stable highly ionized plasma 
isolated from the walls of a toroidal tube. The con- 
tainment time and high electrical conductivity are 
both adequate for detailed study of magnetohydro- 
dynamical processes. 

Professor Lyman Spitzer, of Princeton University, 
commenting on the Zeta results, points out that the 
assembly is behaving rather better than calculations 
would predict. In a gas discharge, electrons are first 
speeded up and communicate their energy to the 
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Measured Temperatures 
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Observed Neutron Yield 
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Figure 6. Ion temperature in gas discharge as calculated 
from observed neutron yield and from Droppler broadening 
of added-gas spectra. 


Conditions: initial gas pressure, 0.13 x 10° mm. deuterium and 
5 per cent nitrogen; axial field, 160 gauss. 


heavier ions, but in Zeta the ions are speeded up 
far more rapidly than this explanation would sug- 
gest. It would appear that an unknown mechanism 
is involved. Figure 6 indicates how the ion tempera- 
tures estimated from neutron yield differ from those 
given spectroscopically. This effect may be impor- 
tant in thermonuclear reactor design. 

To identify a thermonuclear process it is neces- 
sary to show that random collisions in the gas be- 
tween deuterium ions are responsible for the nu- 
clear reactions. In principle, this can be done by 
calculating the velocity distribution of the reacting 
deuterium ions from an exact determination of both 
the energy and direction of emission of the neu- 


trons. The neutron flux so far obtained is insufficient 
to attain the desired accuracy of measurement. 


THE NEXT STEPS 

The experiments are to be continued with a modi- 
fied Zeta, but in addition a larger installation is to 
be built. The first stage of the project was to study 
the heating of deuterium gas up to 5 million deg. C 
by an electric current and containment by pinch 
effect. This stage culminated in Zeta which was 
built to establish conditions in which controlled 
thermonuclear reactions might occur. The heat out- 
put is negligible compared with the electrical input 
—the ratio of input to output is about 10'*. The 
neutrons produced in Zeta at 2 million deg. C are 
multiplied 300 fold as temperatures of 5 million deg. 
C are approached, where emission is of the order 
of a million. The plasma current in Zeta is to be 
increased by the provision of more condensers, and 
at 25 million deg. the number of neutrons per pulse 
should increase at least 10,000 times, but the input 
to output ratio will still be large. Although it is be- 
lieved that reactions will become more numerous as 
temperatures rise, the heating effect of the current 
is expected to diminish. 

To break even, temperatures of the order of 100 
million deg. C for deuterium gas and about 40 mil- 
lion deg. C for a mixture of deuterium and tritium 
would be necessary. (Tritium is super-heavy hy- 
drogen of atomic mass 3 obtained by neutron irradi- 
ation of lithium 6; the use of a lithium blanket in a 
thermonuclear reactor to absorb the liberated neu- 
trons would provide an obvious economy.) ZETA’s 
successor, which will be designed to achieve the 
break-even point, will be the vehicle for stage two. 
The third stage will be the construction of a prac- 
tical and economic prototype possibly requiring a 
pulse duration of several seconds, and stage four 
would be commercial application. 


A transistorized plan position indicator for search radars has been de- 
veloped for the Navy. Installed in the USS NORFOLK, the unit requires 


less than one-half the volume of conventional vacuum tube indicators, and 


less than one-fourth the electric power. Featuring transistors, magnetic 


amplifiers, and dip-soldered printed circuit boards, the unit can select its 


input from any one of eight sources, presenting display scales of 4 to 300 


miles. 
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MARINE DISASTERS AND 
MERCHANT SHIP DESIGN 
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; ARTICLE will illustrate the real laboratory of 
the sea proving ship designs by testing them to the 
ultimate limit of their endurance. This limit we call 
marine disaster. Fire will be touched upon in the 
historical data to be presented, but it is considered 
outside the scope of this work. We will analyze 
the various actions and reactions which these disas- 
ters cause and try to assign them their true weights 
in the evolution of ship design. One specific exam- 
ple will be examined to see how, at this very time, 
these factors are affecting present and future ship 
design. We shall also attempt to project present 
trends into the future. 

The need for safer ships seems to have been rec- 
ognized from most ancient times. There was, how- 
ever, little organized action toward safer ships or 
even recognition of what constituted a safe ship until 
1760. In that year the first Lloyd’s Register giving 
data as to tonnage, date built, materials used in con- 
struction, and name of master and owner was pub- 
lished. Lloyd’s was the first of the classification so- 
cieties which compile data to enable underwriters 
to better estimate the risk in insuring a vessel and 
her cargo. 

By 1832 steam propulsion was becoming popular 
and so too were explosions of steam plants, for in 
that year 14% of the steamboats in operation were 


destroyed by explosions and fires. A direct result 
in the United States was the passage of a law in 1838 
which created the Steamboat Inspection Service. 

Though classification societies might, examine and 
classify the ship herself and Steamboat Inspectors 
might check her boilers and hull, the owners were 
still free to burden her as carelessly and heavily as 
they saw fit. Naturally many ships foundered under 
test in the ocean’s laboratory. England led the way 
in reform when Mr. Samuel Plimsoll secured the 
passage of the Load Line Act in 1870. This required 
the now familiar “Plimsoll Markings” to be painted 
on a ship’s side to mark the intended draft. 

In 1912 the “Unsinkable Titanic” struck an ice- 
berg in the North Atlantic, opened six watertight 
compartments, and sank after several hours, with 
great loss of life. This was the disaster which 
brought reward to hopes and efforts for the first real 
international action toward safety at sea. The 1914 
International Conference on Safety of Life at Sea, at 
London, was attended by thirteen nations. Agree- 
ments were reached in such things as subdivision, 
boats and lifesaving equipment, and the use of radio. 

During World War I much more was learned of 
a ship’s ability to withstand the forces of the sea, 
especially in damaged condition. This, coupled with 
a continuing chain of marine disasters and the prece- 
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dent of the 1914 Conference, helped bring about the 
1929 International Conference at London. Eighteen 
nations attended and continued much on the same 
lines as had the 1914 Conference, but with special 
emphasis on watertight subdivision and the use of 
radio as a safety device. In 1930 an International 
Convention was held in London to standardize free- 
board and load lines. 

Unfortunately, due to the wording of the 1929 
Conference and certain opposition at home, this 
country did not immediately ratify the Conference. 
In 1934 the Morro Castle caught fire and was 
beached on the New Jersey coast with considerable 
loss of life. This was followed in 1935 by the colli- 
sion of the Mohawk and Talisman, which caused 
the Mohawk to sink in 70 minutes. These two disas- 
ters influenced Congress to hold hearings and inves- 
tigations which produced the well known Senate Re- 
port No. 184 in 1937. This report was the result of 
much investigation and experimentation in all fields 
of safety at sea, and proposed standards generally 
far in advance of those used throughout the world. 
Many of these proposals were enacted into law de- 
spite the fact that, in 1936, the United States found 
that its existing laws were often less stringent than 
the standards of the 1929 Conference which it had 
just ratified as a result of committee recommenda- 
tions and great foreign and domestic pressure. 

During World War II a great deal more was 
learned in our ultimate laboratory, especially about 
the many merchantmen of welded construction 
which were being launched on rigid schedules. The 
high incidence of cracking at stress concentrations 
(technically called “notch sensitivity”) caused the 
U_ S. Government to devote considerable study to 
the matter and to modify and abandon previous tech- 
niques of construction. Recognizing these advances 
in technology and the fact that marine disasters were 
still occurring when safer construction and naviga- 
tion could prevent them, thirty nations met in Lon- 
don for the 1948 International Conference on Safety 
of Life at Sea. One definite innovation was a reg- 
ulation requiring signatories to investigate their own 
major marine casualties and to submit reports to an 
Intergovernmental Marine Consultative Organiza- 
tion (IMCO), which was to meet every two years, 
starting in 1951, to recommend amendments to the 
regulations. As yet, not enough nations have ratified 
the Conference to allow IMCO to come into being. 

From the standpoint of construction, the safety 
of ships may be divided into the following categories 
which we shall consider in turn: 

The Freeboard of Ships 

Subdivision of Ships 

Strength of Ships 

Reliability of Shipboard Machinery 

Safety Equipment and Radio 


THE FREEBOARD OF SHIPS 


Though the Plimsoll Act of 1870 did not prevent 
the owner from changing the draft marking at will, 
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it did indicate his practice which could be compared 
with the ever-influential Lloyd’s recommendation 
that the freeboard be equal to at least %4 the depth 
of the hold. Led by the classification societies and 
the British Board of Trade, there was, during the 
period up to 1930, a gradual decrease in the amount 
of freeboard thought necessary, but little special con- 
sideration for ships such as tankers or those deck- 
loaded with buoyant cargo such as timber. On the 
other hand, it had been American practice to load 
coastal tankers to 3” of freeboard and trust to the 
buoyancy of their subdivision. In 1930 the Interna- 
tional Load Line Convention generally reduced the 
freeboard for most types of ships and compromised 
British and American practice by giving a 500 foot 
tanker 15” less freeboard than a similar cargo ship. 
In general, freeboard standards have changed little 
since then. 
SUBDIVISION OF SHIPS 


Subdivision will be considered here to also em- 
brace stability, since the two factors are often intri- 
cately interrelated in marine disasters. In subdi- 
vision, it was again classification societies and British 
Law of the 1850’s which led the way. At that time 
there were but four transverse watertight bulk- 
heads recommended or required. These were what 
would now be called the forepeak and afterpeak 
bulkheads, to combat bow damage of collision and 
leakage from the shaft packing respectively, and two 
bulkheads to isolate the machinery spaces from the 
cargo spaces. Despite numerous investigations by 
government and private societies of disasters ranging 
from collision at sea to capsizing at the dock, there 
was little legislative action for many years. The clas- 
sification societies began to write more exacting re- 
quirements on subdivision and stability in the last 
quarter of the 19th century; their aim was to make 
all ships “one compartment ships,” that is, able to 
sustain flooding in any one compartment. 

Another matter which was brought to attention 
at that time was the advisability of having longitu- 
dinal centerline bulkheads. It was found that these 
had often caused off-center flooding and capsizing. 
A trend then started to either eliminate these bulk- 
heads or pierce them to allow transverse flow and 
symmetrical flooding. In 1912 the shock of the Titanic 
disaster moved around the world and propagated the 
1914 International Conference. Many experts are of 
the opinion that, with a clamor from their people 
in their ears, the delegates rather overshot the mark 
in regard to subdivision. These subdivision rules 
were very strict on vessels carrying a great many 
passengers and though less stringent for cargo ships, 
required an overall increase in cost of ships of about 
3 to 4 per cent. Although the greater part of the 
Conference rules were not fully put into law by most 
nations, they did have a great influence on classi- 
fication societies and the British Board of Trade. 

The 1929 International Conference was greatly in- 
fluenced by World War I experience with merchant 
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ships. The effect of centerline watertight bulkheads 
was clearly shown by the fact that, of the ships not 
fitted with them which were lost during the war, 
none capsized before sinking. It was also felt that 
the previous Conference’s rules as to subdivision 
and floodable length were burdensome and these 
were eased considerably with the more exacting 
being applied to vessels with greater numbers of 
passengers. The 1929 Conference also took a new 
step forward in stability by requiring that new pas- 
senger ships be inclined and the data given to the 
ship’s officers. Civil cooperation was evidenced by 
action of the U. S. Shipping Board which furnished 
two ships which were actually flooded in tests to 
reevaluate permeability factors used in subdivision 
and stability calculations. 

After the Mohawk and Morro Castle disasters, 
U. S. public opinion demanded investigation and ac- 
tion. The Senate appointed committee which brought 
out Report 184 had a membership which represented 
well the Maritime and Marine Engineering organiza- 
tions. Again civil interest and cooperation were dis- 
played in the Merchant Fleet Corporation’s donation 
of a steel ship and $10,000 for actual experimenta- 
tion in fire prevention and fighting. Report 184 rec- 
ommended that all older ships be made at least one 
compartment ships and that all new ships be at least 
two compartment ships. It also recommended re- 
quirements to prevent change of trim, listing, or 
sinking to an unsafe condition or to a degree which 
might prevent the lowering of lifeboats. Though not 
all their proposals were enacted into law they still 
had considerable effect, for by that time the U. S. 
Merchant Marine was being highly subsidized to 
keep it in a competitive position and thus with fed- 
eral aid in ship construction also went federal ap- 
proval of the standards of construction. These stand- 
ards usually parallelled first the 1929 Conference and 
later Report 184. 


Once again, a World War supplied invaluable ex- 
perience with merchant ships and showed the world 
that ships were not as safe as they might be. It also 
showed that the 1929 Conference rules on subdi- 
vision and stability had been generally sound. The 
1948 International Conference made generally small 
extensions of the subdivision and stability require- 
ments, but extended the requirement for inclining 
experiments on new ships to all those above 500 
gross tons. By this time, the U. S. requirements had 
become so high that virtually no changes in our laws 
were required to comply with the 1948 Conference. 


STRENGTH OF SHIPS 


This part of the evolution of ships, more than 
others, truly did employ full scale experimentation 
in our extensive marine laboratory. Iron was first 
used as plating for wooden hulls and gradually re- 
placed the wood until we had fully iron ships. Thus 
it was very natural that the early iron ships should 
be built on the same patterns as wooden ships which 


used transverse framing to support the longitudinal 
hull planking. Recognizing the iron’s greater 
strength, the builders were quick to save material 
and weight by slimming the scantlings and increas- 
ing frame spacing for a new ship. If a new hull 
should fail the tests at sea due to weakness, the 
builder was forced to restore some of the metal 
saved to the next hull he designed. With an increase 
in size and number of tankers and bulk ore and grain 
carriers, a major strength problem arose, with many 
experimental failures in the form of marine disas- 
ters Farly in the 20th century, a new method of 
construction in the form of the patented Isherwood 
System was tried with marked success. This is basi- 
cally longitudinal framing with transverses attached, 
all of which is directly joined to the shell plating. 
In this way, considerable improvement in longitudi- 
nal strength of ships is provided directly and also the 
strength of the shell and deck plating is utilized. This 
basic system has been so successful that it is still in 
wide use today, especially in tankers. The Interna- 
tional Conferences and classification societies helped 
to standardize criteria for hull strength and spell 
out the lessons learned through marine disasters. 

An increase in seaworthiness, mainly through in- 
crease of hull strength, can be seen by the steady 
decline in the annual percentage of vessels reported 
foundered, missing, or abandoned relative to the to- 
tal tonnage owned in the world, excepting the years 
of the World Wars. In the period 1899-1903 it was 
0.26 percent and has declined to 0.07 percent in the 
1946-1948 period. It is interesting to note that figures 
for U. S. ships have been consistently below the 
world averages. One very notable reverse in our 
successes has been the World War II type ships, es- 
pecially T-2 tankers, with welded hulls. After con- 
siderable study and experimentation, we relearned 
to “round our corners” to avoid stress concentrations 
and the value of first class workmanship in our 
yards to prevent localized stresses and cracks. Even 
after modification, the Fort Mercer and Pendelton 
broke in two in the winter of 1952, and the World 
Concord was lost in November 1954 due to lack of 
ultimate hull strength. To gain a more complete un- 
derstanding of the forces and problems involved, 
some of the most modern methods of scientific test- 
ing and analysis are being employed. 


RELIABILITY OF SHIPBOARD MACHINERY 


As we have seen, the first real government inspec- 
tions of ships were brought about because of unre- 
liable steam plants when the Steamboat Inspection 
Service was founded in 1838. Certainly public opin- 
ion required some such action, but this is not the 
full substance of the matter. As the laws and classi- 
fication society rules on steam plants and other ma- 
chinery, especially steering gear, grew in size and 
detail a great many were pointed toward reliability 
as well as immediate safety. It is a fact, well rec- 
ognized by seamen and marine engineers, that a ship 
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at sea without power or steering is in peril from the 
elements and other ships. The 1914 and 1929 Inter- 
national Conferences considered the matter of ma- 
chinery reliability, but not in any great detail. In 
this country the boiler rules continued to expand 
but, until Public Act 40 of 1933 was passed, were 
so inflexible as to inhibit technical progress. 


Investigations subsequent to the Mohawk and 
Morro Castle disasters showed that “pressure ves- 
sels” of all types were commonly failing by explo- 
sion because of weakening by corrosion, or faulty 
valves, regulators, etc. Combustible gas explosions 
were also far too common. Since these failures could, 
and often did leave the ship without power, they 
added to the dangers in a seafarer’s life. These find- 
ings, and others such as the vibrational failure data 
from World War II merchant ships, made for more 
interest in machinery reliability in the 1948 Confer- 
ence and a great many new and detailed rules in 
this country. 


SAFETY EQUIPMENT AND RADIO 


Prior to the 1912 Titanic disaster, very little had 
actually been done to develop any special types of 
safety equipment. Radio was carried aboard most 
large ships, especially passenger ships, but there was 
no coordinated plan for its use as a safety device. 
The 1914 Conference made its use mandatory and 
set up a basic system for its employment. That con- 
ference also recognized the fact that the Titanic 
had lifeboats for only a fraction of her passengers 
and that most of them were never put into use; it 
therefore attempted to improve lifeboat capacity, 
accessability, and launching. By 1929 the value of 
radio in sounding the alarm in the event of marine 
disaster was well recognized and its mandatory use 
was extended to smaller ships. 


In the 1930’s some general safety goals had come 
to be: (a) Lifeboats or rafts for all. (b) Davits and 
falls to be simple, rugged and able to swing boats 
clear with the ship listing to a reasonable angle. (c) 
Some sort of public address system, if necessary, to 
insure that passengers will be informed and can be 
instructed during times of distress. (d) Some type 
of alarm to arouse sleeping passengers. Through 
Senate Report 184, the 1948 Conference, and an oc- 
casional disaster to hasten the process, these goals 
have been largely met in the U. S. and much progress 
has been made internationally. 


Aside from disasters resulting from negligent nav- 
igation, we find that the majority of today’s ships 
having major casualties are those below 4,000 tons. 
Three-fourths of the casualties accrue to ships 100 
to 300 feet long and the percentage of casualties to 
ships less than 200 feet is actually increasing. Thus 
it would seem that, though ships have been getting 
larger and thus able to sustain greater damage and 
incorporate more safety in their design, we may be 
neglecting the smaller ships and their particular 
problems. 
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To gain a feeling of the relative safety of ships, 
consider some figures from the British Ministry of 
Transport for the nine years prior to 1948. These 
are the yearly averages of lives lost in ship casual- 
ties and in miscellaneous injuries on board ships: 


Crew Passengers 
Ship Casualties .......... 177 13 
Miscellaneous Injuries ... 269 29 


These figures might make us wonder if perhaps there 
is a greater need for better handrails than for bigger 
reserve buoyancy in present ships. 

It is also significant to note that while marine dis- 
asters usually trigger action toward safety, they are 
not always the sole objects of the investigations 
which follow. In more recent times there has been 
a pronounced trend to go to specific experimenta- 
tion and study of theories of shipbuilding when a 
marine disaster has brought a deficiency to light. 

Next we consider the 25 July 1956 collision of the 
Italian Andrea Doria and the Swedish Stockholm, to 
illustrate how a marine disaster is presently influ- 
encing ship design. At the time of the collision, the 
ships were in international waters. This puts the mat- 
ter in the hands of the respective home governments, 
Were IMCO functioning, they would be required to 
submit their reports for international analysis, but 
neither government has yet released the results of 
its investigation, nor has either Sweden or Italy rat- 
ified the establishment of IMCO. 


To gain more information, the House of Repre- 
sentatives Committee on Merchant Marine and Fish- 
eries appointed a four man staff of technical ad- 
visers to investigate the matter from the standpoint 
of safety at sea. This staff, headed by Vice Admiral 
E. L. Cochrane, USN (Ret.), former Chief of the 
Bureau of Ships, reported in December 1956. The 
Andrea Doria, which had been designed to comply 
with the 1948 Conference, was a two compartment 
ship by a very narrow margin. This ship, with 697 
feet length and 90 feet beam, was required to be 
able to withstand damage extending 29 feet fore and 
aft and to a depth into the ship of 18 feet. It is stated 
in her builder’s “stability report” that the ship could 
meet the stability requirements of the 1948 Confer- 
ence provided she was kept ballasted with substan- 
tial and specified quantities of liquids. Apparently, 
if the damage encountered exceeded that allowed for 
by the Conference rules, it was only in moderate 
degree. Even if we assume that all her deep tanks in 
way of the collision on the starboard side were ini- 
tially empty but flooded immediately, this would not 
account for the immediate list reported as 18°. It 
appears that the stability at the time of collision 
was perhaps only one-third of the amount indicated 
in the “stability report.” This staff report raised a 
number of questions in regard to the adequacy of 
existing standards and the methods of enforcing 
them. 

The report was sent to various concerned agencies 
of our government for their study, and Department 
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of State, Coast Guard, Maritime Administration, 
Hydrographic Office, and Federal Communications 
Commission representatives reported on progress of 
their studies in July 1957 and January 1958. In Oc- 
tober 1957, the Coast Guard assembled a “Com- 
mittee to Evaluate Certain Safety Standards for 
Vessels.” This committee is not confining itself to 
the Andrew Doria disaster but is considering marine 
safety in a broader sense. It is headed by Admiral 
Cochrane and consists of thirty leading U.S. techni- 
cal experts. The results of their studies and reports 
are to be incorporated into proposals to be submitted 
to an anticipated International Conference. Many 
members of this committee feel that far more than 
enough time has passed since the collision for public 
sentiment to die down and that the Conference 
should be held without delay. Our State Department 
has taken steps to initiate the Conference. The Brit- 
ish propose one during 1960, and as traditional hosts 
will probably prevail. 

We now venture to project forces and trends into 


the future. Public alarm over the Andrea Doria 
sinking has virtually ceased to exist and will play lit- 
tle part in a future International Conference. Re- 
gardless of the outcome internationally, U. S. regula- 
tions and enforcement practices will be stiffened as 
a result of the studies now underway. This will 
mean that the disparity between U. S. building and 
operating costs and those of our competitors in mar- 
itime transport will increase and require additional 
government subsidies to make up the differential. 
It is also probable that action will be taken in this 
country to check the increase of casualties to ships 
less than 200 feet. Barring war, there will be another 
International Conference within five years, but not 
before 1960. It is hard to foreseee any great changes 
in construction coming out of such a Conference, 
since they would almost certainly require increased 
building and operating costs. It is almost a certainty, 
however, that the subject of nuclear powered ships 
will be discussed and at least some small steps taken 
to see to the safety of their construction. 


In an intensive study to develop methods of using very thin steel sheets 


in aircraft structural applications, the Ryan Aeronautical Company has 


developed a method of using miniature corrugations to stiffen sheets as 
low as 0.001 inches in thickness. Welded to a thin skin sheet, the resultant 


panel compares very favorably in specific strength with titanium, alumi- 


num and magnesium, and is superior to these materials in high tempera- 


ture performance. The smallest corrugation, designed for very thin 


sheets, has a repeating section of less than one-sixth inches, and about 


one-twelfth of an inch in thickness. A light weight jet tail pipe has been 
made of type 321 steel sheet 0.002 inches thick, welded to a corrugation 


of the same material. It is 12 feet long, 14 inches in diameter and weighs 


14.7 pounds. 


—from Industrial Laboratories, March 1958 
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- US FIRST very briefly review the history of the 
gas turbine. I personally have had an interest in 
this machine for at least 44 years. The late Dr. San- 
ford Moss was an early associate of mine. We had 
a mutual enthusiasm for the gas turbine, he having 
written a Doctor’s dissertation on the subject in 
1904 at Cornell. During 1919 to 1940, he kept the 
exhaust driven supercharger for aircraft engines 
alive starting with his efforts at the request of the 
then Air Corps of the Army in 1918. He worked with 
several steel companies in the development of high 
temperature bucket materials and succeeded in 
bringing the exhaust-driven airplane engine super- 
charger—really a small gas turbine—so far along 
in its development that it could be manufactured in 
quantity and applied on practically all of our bomber 
engines during World War II. No doubt this devel- 
opment played an important part in the success of 
their missions. 

Although several gas turbines were constructed 
in Europe around 1910 to 1914, it was not until about 
1937 that it became more generally recognized that 
the gas turbine might have a real future. 

This renewed interest in the potentialities of the 
gas turbine was largely the result of (1) the suc- 
cess of the exhaust-driven airplane engine super- 
charger, (2) the development of high temprature 
materials that would retain their strength and hard- 
ness at a red heat, which developments, by the way, 
were first made largely for high-speed cutting tool 
requirements in industry rather than specificially for 
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gas turbine operation, and (3) the development by 
the Brown Boveri Company of a very efficient axial 
flow compressor utilizing airfoil principles and its 
subsequent application by them to the gas turbine 
and to the so-called “Velox” or supercharged steam 
boiler. This latter development was very important 
because then, for the first time, we had an efficient 
air compressor. 


With this as a basis, the urgent needs of the Air 
Force during World War II, and the outstanding 
work on the gas turbine jet propulsion system by 
Whittle in England during the late 1920’s and early 
1930’s, and which came to more general world rec- 
ognition about 1940, furnished the impetus and the 
funds to really go after the gas turbine problem 
properly and on an all-out basis. You all know the 
results. 


So much for the historical development. 


All of our previous, and present prime movers 
of other types for that matter, have definite limita- 
tions. For example, water power was and is limited 
to the running of factories or to the generation of 
electricity in large units. The reciprocating steam 
engine was first used to pump water, then for fac- 
tory operation, followed by application to transpor- 
tation in railway locomotives and in ships, and finally 
to generating electricity on a rather small scale. It 
was never very successful in the automotive field, 
nor was it ever adapted to very large power units 
in the electrical generating field. 
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The steam turbine took over from the steam en- 
gine, developing rapidly because it could be built in 
large units handling high pressures, temperatures 
and vacuums and, hence, could attain good fuel 
economy. The steam turbine met the developing 
needs for large amounts of low cost electrical power. 
It has been limited in application, however, to large 
generating stations and to relatively large steam- 
ships. Also, it was never satisfactory for road or rail 
transportation. One of the great advantages of the 
steam turbine plant, however, has been its ability to 
burn the lowest cost solid fuel, namely, coal. 

The diesel engine, which was first developed more 
than 50 years ago, has proved to be quite versatile 
and highly applicable in the heavy automotive trans- 
portation field and in the rail transportation field. 
It has been moderately successful in medium sizes 
in furnishing electric power, and in some industrial 
applications. It has also been very successful in the 
medium size ocean-going ship propulsion field, in 
tug boats and smaller craft. It has never seriously 
challenged the steam turbine, however, in the gen- 
eration of large amounts of electric power or for 
major size merchant or naval ship propulsion, and 
the diesel has not been very successful in aircraft 
propulsion nor as yet in the lighter automotive field. 
It must usually burn a premium cost fuel oil. 

The explosion cycle in the internal combustion pis- 
ton engine has been, however, highly successful as 
a small prime mover, that is, in 2 to 300 hp. units, 
and it has, as we all know, been outstandingly suc- 
cessful all over the world in the light and medium 
automotive transportation field, i.e., in the 50 to 400 
hp size range. Its light weight, low cost, flexibility, 
and relatively good efficiency make it a natural ap- 
plication. It was also highly successful in initiating 
and carrying to an advanced stage the development 
of air transportation in the size range of 100 to 4,000 
hp. In this latter field, however, as in the produc- 
tion of electric energy, the internal combustion pis- 
ton engine has been limited by its inability to be 
built in large enough units to meet the growing 
needs, and being coupled necessarily to an air pro- 
peller has limited its application to very high-speed 
planes. These engines also require a relatively high 
priced fuel. 

On the other hand, the gas turbine has already 
been built in sizes of from 10 hp to almost 50,000 hp. 
It can be made very light where necessary per unit 
of output. 

The gas turbine has a wide versatility with respect 
to fuel and can burn gas, gasoline, distillate oils, 
heavy residual oils, and some success has been 
achieved in the burning of coal. It operates with 
little or no vibration and requires simple foundations 
and mountings. 

In a period of about 15 years the gas turbine has 
come close to preempting the entire military and 
civilian, large, high-speed, airplane propulsion field. 

Ind the field of land transportation, it has had out- 


standing success in furnishing pumping power for 
oil and gas pipelines, and some success in the loco- 
motive field. Applications have been made to mer- 
chant marine propulsion, to small combat auxiliary 
vessels, and to the automotive field. 

In the area of stationary power production, many 
applications have been made in industry and in the 
electric utilities. : 

Let us discuss this versatility of application of 
the gas turbine in more detail and examine some of 
the reasons why this form of prime mover seems 
to have these versatile potentialities. 

Let us look first at its application to aircraft pro- 
pulsion where it has, without a doubt, been most suc- 
cessful. The gas turbine has been applied as a gas 
turbine jet propulsion engine, as a propeller drive or 
propjet, as a rotor drive for vertical lift machines, 
and to some extent as a drive for auxiliaries. As a 
turbojet propulsion engine, it has made possible the 
attainment of speeds and altitudes never possible 
with previous airplane drives, and which were so 
urgently needed for both military and commercial 
applications. 

All of these uses have in common three important 
requirements: first, more power in a given package 
than the existing piston type gasoline engines have 
been able to supply, and second, extremely low spe- 
cific weight. A third requirement has to do with the 
minimum possible fuel consumption. 

The turbine, either steam or gas, by its inherent 
nature, i.e., continuous flow of the working fluid, 
has always been basically a high capacity prime 
mover. In this respect it has fitted ideally into the 
present airplane or aircraft requirements. It was 
able to furnish power in abundance and at a time in 
history when aircraft were growing up as to types, 
sizes, missions, and speeds that needed this power 
in abundance. 

There were two major advantages in these appli- 
cations of the gas turbine which are not generally 
recognized. First, there never was a more efficient 
or simpler transmission system from prime mover 
to vehicle propulsion than that afforded by the jet. 
It is the essence of simplicity itself and is ideally 
suited to the rapidly increasing speeds of flight. The 
second advantage is that the gas turbine’s output and 
efficiency increase more than that of any other prime 
mover with the lower inlet or ambient air tempera- 
ture in which it operates. The airplane except for 
take-off generally operates at sufficiently high alti- 
tudes so that the air temperature is appreciably low- 
er than it is at the ground and this adds importantly 
to the capacity and the efficiency of the gas turbine. 
In addition, except for short periods at take-off and 
usually only then under special conditions, the air 
is so clean that compressor blade fouling is no prob- 
lem. 

Further, the use of a gas turbine as a propulsion 
mechanism on a high-speed moving platform had 
two other incidental but important advantages from 
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the standpoint of the gas turbine prime mover itself. 
The first of these was that the ram effect on the inlet 
increased the air flow and, hence, the intrinsic power 
capabilities of the machine by a ratio dependent 
upon the speed, usually from 50 to 100 percent or 
more. The second factor was that the inherent leav- 
ing velocity loss beyond the last bucket blade of the 
turbine, an important loss suffered by all turbine 
machinery, was and is greatly reduced by being 
utilized very efficiently in the jet for propulsion. 
This made it possible to build turbines with high 
leaving velocities and, hence high specific power 
capabilities for a given frame size, and such as 
would not be economically feasible for any turbine 
prime mover on a slow-moving or stationary plat- 
form because of the excessive unrecoverable loss in 
the high gas-leaving velocity. 

There are several other favorable considerations 
in connection with the application of the gas turbine 
in the air. One of these is that the other prime mov- 
ers for aircraft use high grade, costly, and inflamma- 
ble fuel. The gas turbine uses a much lower grade 
fuel and at a materially lower cost but one which, 
from the standpoint of ease of operation and freedom 
from fouling, is still excellent and which can best be 
made to have a lower fire hazard. Another advan- 
tage is that the operating life that is satisfactory for 
an aircraft gas turbine is short—from 2 to 10 per- 
cent—that which is satisfactory on a heavy duty 
land or marine application. Existing high tempera- 
ture materials have, therefore, permitted operation 
at substantially higher temperatures and, hence, 
outputs for this short operating life with resultant 
higher efficiency also in this application than is pos- 
sible in other longer life gas turbine applications. 

As a result of all of these things, the gas turbine 
has been practically a natural in its applicability to 
aircraft propulsion, and tremendous strides have 
been made in thedevelopment of these machines by 
builders all over the world. It seems to me that there 
is ample evidence that in the field above 200 hp the 
gas turbine is now or certainly will be in the near 
future the principal aircraft prime mover. 

Let us now look in more detail at the applicability 
of the gas turbine to heavier transportation re- 
quirements. 

In this country the gas turbine in units from 5,000 
to 8,000 hp has been applied quite extensively to the 
pumping of gas through pipelines. Here again, the 
application has been something of a natural. On 
large pipelines 2 to 3 gas turbine units were sufficient 
to meet the needs of each station whereas before it 
required from 10 to 15 reciprocating engine pumping 
units for each station. The gas turbines require 
less maintenance and less operating personnel and 
since many of these plants are in remote locations 
this is very important. They require less cooling 
water which is a great advantage in that many of 
these stations are located in arid or desert country. 
Steam turbine power had never proved competitive 
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here. As a result, this has been a very successful 
application and more than one-half million horse- 
power of such gas turbines are now in operation. 
Some of these units have been applied on Trans- 
Arabian oil pipelines and are arranged to operate at 
remote stations along the pipeline unattended—with 
automatic or remote control. 

In the locomotive field, a few applications have 
been made in Europe and in this country the Union 
Pacific Railroad has twenty-five 4,500 hp single-unit 
gas turbine locomotives in operation. They are burn- 
ing a heavy residual oil treated at the refinery to re- 
duce corrosion. Each of these Union Pacific locomo- 
tives is successfully hauling the same freight train 
weight as a three-unit diesel electric locomotive and 
at a higher speed. These are large single-shaft, sim- 
ple cycle gas turbines without regeneration and are 
not efficient enough for general locomotive applica- 
tion. 

As yet, a sufficiently efficient gas turbine of 2,500 
to 3,000 hp has not been developed so as to permit 
more widespread use as a locomotive power plant. 
To get this efficiency will probably require a two- 
shaft regenerated machine. Further, such a unit 
would have to be in a sufficiently small package and 
of a sufficiently low initial cost as to permit the 
building of a locomotive unit which can be used in 
multiple. When this is accomplished the gas turbine 
locomotive will then have the outstanding versatili- 
ty and flexibility which is now so characteristic of 
the diesel electric locomotive. This application is 
probably dependent upon the successful develop- 
ment of a suitable, highly effective rotary regenera- 
tor. 

The Maritime Administration has made an appli- 
cation of a 7,000 hp, two-shaft, regenerated, heavy- 
oil-burning gas turbine to a rebuilt Liberty Ship 
with a reversible pitch propeller. The gas turbine 
ship, John Sergeant, has made many Transatlantic 
crossings in regular service and it is generally agreed 
it is an outstanding technical success. Its compe- 
tition in this field is the modern, high pressure, high 
temperature, high speed, condensing steam turbine 
plant or the large low speed diesel engine. This ma- 
rine application has been almost ideal for the steam 
turbine plant because of the abundant supply of rel- 
atively clean, cool condensing water. The application 
problem here with the gas turbine is to achieve and 
to demonstrate a sufficient superiority of the gas tur- 
bine over the modern high pressure, high tempera- 
ture condensing steam turbine as to make this appli- 
cation more widely favored. This is a major problem 
simply because of the excellence of the competi- 
tion. 

Many companies have been and are now working 
diligently on the application of the small and mod- 
erate size gas turbine to both the light and heavy 
automotive field. Outstanding work has been ac- 
complished by several companies in England, on the 
Continent, and in the United States. Gas turbines 
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of relatively high efficiency and great simplicity have 
been produced with much ingenuity of design and 
outstanding developmental work has been done in 
connection with the regenerator for recapturing the 
exhaust heat by means of a rotary heat exchanger. 
It is quite probable that in the years ahead we will 
see many applications of these gas turbines to the 
heavier automotive field. I suspect, however, it is 
questionable whether or not the gas turbine will ever 
successfully meet the inherently low initial cost of 
the multicylinder reciprocating engine with its rela- 
tively high economy, highly developed smoothness 
and responsiveness, and adaptability to mass produc- 
tion. I would be happy to be shown to be a poor 
prophet in this connection. 

Many companies are successfully developing small 
gas turbines of 10 to 200 hp for varied uses where 
their light weight is important and their high fuel 
consumption rate is not detrimental. Out of these 
efforts may come a good automotive power plant. 

Let us now examine the applicability of the gas 
turbine first to industrial power and then to electric 
utility power production requirements. 

The extractive and process industries have many 
requirements for power in the range of 500 to 3,000 
hp. Some of these requirements call for semiport- 
able power plants. Here, the simple cycle gas tur- 
bine can be applied with relative ease and numer- 
ous applications have been made, particularly where 
the exhaust heat can be used. It is simple, compact, 
and lightweight. Usually the application of a re- 
generator to this size plant results in much greater 
weight and size and, so far, has not been too suc- 
cessfully done. The gas turbine in this size range, 
however, faces a formidable competitor in the small 
steam turbine operating on steam already available 
and, in some cases, in the already highly developed, 
very efficient, medium and heavy-duty diesel piston 
engine which is already in production at relatively 
low cost. Here again, as in the lighter automotive 
field, I feel there is some uncertainty as to the ulti- 
mate competitive situation but as in the automotive 
and railrvad fields, the development of a suitable 
light weight, low cost, effective regenerator would 
do much to insure the gas turbine’s competitive lead. 

On the other hand, both industry and the electric 
utilities have need for power plants in the range of 
4,000 hp and upward for which the gas turbine may 
in many ways be ideally suited. One of its great ad- 
vantages is the versatility of fuels which can be used, 
and also that it may be able to furnish the process 
heat or the compressed air that the processes re- 
quire. Let us consider these applications separately. 

In the petroleum industry on and around Lake 
Maracaibo in Venezuela, for example, multiple unit 
gas turbine plants are in operation burning gas as 
fuel to drive multistage, intercooled gas compressors 
to maintain pressure in the oil field. This is done by 
collecting and separating the gas that comes up with 
the oil, using a small percentage as fuel. The remain- 


der is repressured to about 2,400 psi and forced down 
into the oil sands again through other drilled holes 
with a resultant increase in yield of oil. Thus, val- 
uable gas for use in later years, that might otherwise 
have to be wasted, is conserved and put to work. 

A second application is in connection with the 
driving of electric generators for furnishing pow- 
er for the many machines in the oil field. A third 
application is a very much larger gas turbine mount- 
ed on a barge driving a 15,000 kilowatt generator to 
furnish power when, where and as needed to meet 
the oil field requirements. 

In the processing and steel making industries 
many gas turbines of the 5,000 hp to 20,000 hp class 
have been used to drive electric generators or gas 
compressors used in the processes themselves as a 
direct mechanical drive. Sometimes several different 
compressors have been attached to the same gas 
turbine. One particular advantage the simple cycle, 
nonregenerated gas turbine has in this field is that 
its exhaust gas has a relatively large heat content 
at sufficiently high temperatures to permit its be- 
ing used efficiently in the process, in waste heat 
boilers, or in air to air or gas regenerators. The ex- 
haust gases also have enough oxygen content to per- 
mit burning additional fuel under such waste heat 
boilers for meeting peak load needs, if desirable. An- 
other advantage is that compressed air of from 2 to 
5 atmosphers pressure may be made available as a 
direct output by bleeding the main compressor at a 
proper stage. This has been rather widely applied 
to the blast furnace industry in Europe and one in- 
stallation is being made in this country. 

The extent to which these applications can be jus- 
tified economically depends upon the individual in- 
dustry and process under consideration and its pe- 
culiar requirements. The fact that such studies have 
been made, and a substantial number of applications 
have followed, indicates that in relation to the com- 
petition, i.e., other types of machines for doing ap- 
proximately the same job, the gas turbine seems to 
have much merit. 

We now come to another application for the gas 
turbine, namely, in the development of electric pow- 
er largely for electric utility systems or industry. 
There are many ways in which this may be carried 
out. 

In general, if the need is for 25,000 kilowatts or 
more and if condensing water is available, particu- 
larly if coal is the fuel, the gas turbine at the present 
time as a straight prime mover cannot compete with 
the condensing steam turbine power plant. Here, the 
competitive situation is much like that in the marine 
field with the steam turbine power plant. The devel- 
opment of the large steam power plant as a prime 
mover has been particularly outstanding over the 
last 40 years. Such units have reached low fuel con- 
sumptions that are commercially applicable in large 
sizes with low cost fuels. These plants are in the 
neighborhood of 35 to 40 percent on an over-all ther- 
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mal efficiency basis based upon the power sent out. 
These efficiencies are unmatched as yet by any other 
type of prime mover in the world. On the other hand, 
in sizes of 20,000 kilowatts and less, a two-shaft re- 
generated gas turbine can probably match the effi- 
ciency and performance of the best steam plants in 
every way. They will undoubtedly have a lower 
first cost and need not depend upon an ample supply 
of condensing cooling water. The primary problem 
here is that we do not yet know how to burn coal in 
such a gas turbine successfully. Much work is being 
done on this and I am confident that success will 
be achieved in the near future. The power capability 
and efficiency of the regenerated gas turbine of any 
given size can be increased appreciably with the in- 
jection of relatively small amounts of water where 
water of sufficient purity is available and this prac- 
tice when sufficient experience with it is available 
should materially improve the competitive position 
of the gas turbine in the stationary power produc- 
tion field. 

As a straight prime mover for furnishing electric 
power in capacities from 5,000 kilowatts to 25,000 
kilowatts it is quite probable that the regenerative 
gas turbine-generator will find extensive applica- 
tions abroad where power units of this size are need- 
ed in widely scattered, smaller size electric generat- 
ing systems as the so far underdeveloped nations of 
the world begin to avail themselves of the great ad- 
vantages of electrification. As a matter of fact, a rel- 
atively large proportion of the gas turbines sold dur- 
ing the last few years are going into this kind of 
service. 

Several successful applications have been made 
with the gas turbine electric generator in combina- 
tion with an existing steam plant. In Oklahoma and 
in Texas gas turbines of the simple cycle, nonregen- 
erative type have been installed alongside older 
steam plants and the exhaust heat of the gas turbine 
has been used to heat feedwater for the steam plant. 
This application has added to the capacity of the 
steam plant itself by furnishing the heated feedwater 
in amounts sufficient to increase the capacity of the 
steam plant by approximately 50 percent of the ca- 
pacity of the gas turbine. As a result, the applica- 
tion, for example, of 10,000 kilowatts in gas turbine 
capacity has actually increased the capability of the 
total power plant by about 15,000 kilowatts and has 
also increased the over-all plant efficiency. When 
gas or oil fuel is available the gas turbine is an at- 
tractive application and will be more so when the 
burning of coal direct in the gas turbine become a 
commercial reality. 

We are looking to a still more attractive applica- 
tion of the gas turbine in the power generation field 
und this may be done in either of two ways. There 
are three plants, one now operating and two shortly 
going into operation, in which the gas turbine ex- 
hausts into a steam boiler and additional fuel is 
burned under the boilers in the exhaust gas since, 
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as stated previously, the exhaust gas is still rich in 
unburned oxygen. The gas turbine can be arranged 
to be from 15 to 35 percent of the capacity of the to- 
tal steam-gas turbine power plant, and the over-all 
fuel consumption is 4 to 7 percent lower than that 
of a steam plant of the same pressure and tempera- 
ture—and over-all capability is increased by the 
gas turbine output. This combination permits the 
burning of gas or oil in the gas turbine, and coal or 
other suitable fuel under the boiler. Approximately 
20 to 50 percent of the total fuel is burned in the 
gas turbine and the remainder in the boiler. We 
believe that this general system will have favorable 
application to large, high pressure, high tempera- 
ture, high output steam plants of the latest type. It 
looks possible to build multiflow, simple cycle gas 
turbines for driving a single generator with existing 
component developments so as to develop as much 
as 60,000 kilowatts in the gas turbine generator and 
to deliver enough exhaust gas at the same time 
to fire the boilers of a 400,000 kilowatt to 500,000 
kilowatt steam plant. Here again, the major devel- 
opment waiting to be done is to learn how to burn 
coal successfully in the gas turbine in order that the 
over-all economic potentialities of this system can 
be realized. 


Still another type of application combining the 
steam and gas turbine plant is possible in this elec- 
tric utility field and on shipboard with large steam 
plants. This is the use of a combined gas turbine, 
steam boiler, and steam turbine, with the gas tur- 
bine compressor arranged to supercharge the com- 
bustion chamber of the boiler on the fire side to a 
pressure of from 5 to 7 atmospheres. By placing the 
gas turbine itself in the gas discharge of the boiler 
at a point where the combustion gas has been cooled 
down to some 1400°F, it can then be passed through 
the gas turbine which in turn drives the air com- 
pressor which is supercharging the boiler, and ex- 
cess power is available to drive a generator. This 
system appears to be immediately applicable to gas- 
fired plants where it will shrink the boiler to ap- 
proximately one-third its present volume, or to Na- 
val vessel steam plants where high quality or treated 
fuel oil could be used and where the size and weight 
of the boiler would be very materially reduced with 
resultant advantages. As applied to a large central 
station plant this system should improve the over- 
all heat consumption of the best of steam plants 
from 6 to 8 percent, and add some 15 percent to the 
total capability of the plant by virtue of the net pow- 
er generated by the gas turbine itself. Here again, 
to attain maximum applicability it is necessary to 
know how to build a gas turbine that will withstand 
the erosion of the fly ash, or build separators that will 
take fly ash out of the 1400°F gas at 5 to 7 atmos- 
pheres pressure being discharged from the boiler 
and before it goes into the gas turbine. Much work 
has been carried out on this problem and a solution 
may not be too far off. 
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Another application to electric utility systems is 
to install relatively simple gas turbine-generator sets 
arranged for automatic operation without attend- 
ance at strategic points on the utilities’ transmission 
network. Such installations are intended to carry 
the short-duration peak loads which practically all 
utility systems have at certain times of the day and 
certain times of the year. There are a number of 
these applications both here and in Europe that are 
operating successfully and many more are on order. 

The optimum economics of this system have not 
yet been completely worked out, nor have the value 
of these applications been successfully demonstrated 
to the major utility systems in this country. One 
impediment has been that these systems have had as 
yet an ample supply of old and depreciated steam 
plants which, despite their inefficiency, can be used 
to met these peak load rquirements. The disadvan- 
tage of using these plants, of course, is their great 
cost of operation and maintenance and the cost of 
holding a complex steam plant of ancient vintage 
in reserve for emergency or peak load needs. Experts 
in this application work who have studied this prob- 
lem have estimated that the electric utilities could 
economically install from 8 to 12 percent of their 
total needs in new capacity over the next two dec- 
ades in the form of such gas turbine peak load gen- 
erating plants. This should be a relatively large 
amount of gas turbine business if the electric utility 
growth continues its long-time trend as we have 
every expectation it will. 

I have outlined many of the potential applications 
of the gas turbine and now let us discuss some of 
the challenges that yet remain. 

Much progress in increased reliability and low 
maintenance and lower costs has been made—but 
much more remains to be done. 


The most important impediment to the future de- 
velopment of the gas turbine is the excellence of its 
competition. Competition of these other prime mov- 
ers, i. e., in the air—the ram jet and the rocket, in 
the heavy duty field—the explosion cycle piston en- 
gine, the diesel engine, and the high pressure, high 
temperature steam plant, have all presented moving 
targets. For example, since the gas turbine has been 
introduced into the gas line pumping business, the 
efficiency of available reciprocating engines for driv- 
ing gas pumps has been increased at least 20 per 
cent, and their potential capacity has been increased 
4 to 1. In the 18 to 20 years that the gas turbine 
has been under active development for electric pow- 
er production purposes, the average size of the steam 
turbine in the public utility yearly purchases has 
increased from 35,000 kilowatts to 125,000 kilowatts, 
and the average heat consumption of this apparently 
mature power machine has been reduced at least 30 
to 40 percent. The same has been and will be true in 
the automotive field so far as the reciprocating en- 
gine is concerned. In the aircraft field the maximum 
capability of the reciprocating aircraft engine in 


this same period has been increased 3 to 1. 
However, here the air frames’ need for power has 
increased far faster than it was possible for the recip- 
rocating engine to adapt itself to meet, and so in the 
aircraft field the gas turbine is almost without a com- 
petitor unless we look to the future and think of the 
ram jet and the rocket, and even these are now being 
considered for passenger, mail and goods transpor- 
tation. Such is the dynamic technological develop- 
ment pace of the world in which we live. 

The costs of manufacture of gas turbines have not 
been as low as expected and in many cases its econ- 
omy, particularly its light-load economy, has not 
been good enough to meets its competition effective- 
ly. We need to better the fuel consumption of the 
gas turbine at both ends of the load range. We need 
to adapt it to easily burn all grades of residual oils 
and coal. 

We need means of operating the gas turbine at 
still higher temperatures which will increase the 
output from a given frame size and which will in- 
crease the economy under all conditions. Perhaps 
rather than new materials with their usually higher 
cost we need new methods of cooling which will per- 
mit such higher temperature operation. As I stated 
before, we need the development in all sizes of a rel- 
atively compact, low cost, and highly efficient rotary 
regenerator with minimum possible leakage. 

There are many people who feel, and with good 
reason, that the gas turbine may meet very effec- 
tively the requirements of the gas-cooled nuclear re- 
actor as a closed cycle prime mover to operate di- 
rectly on the coolant gas for land and marine appli- 
cations. Many studies have been made of this appli- 
cation and it is quite possible it will turn out quite 
favorably. 

It is well known that the open cycle gas turbine 
is being considered as the prime mover in the devel- 
opment of the nuclear powered airplane. Here, all 
of the advantages that the gas turbine has as a fos- 
sil fuel-fired engine for jet propulsion or propeller 
drive in the air are equally applicable to the nuclear 
propulsion needs. 

As to the future of the commercial gas turbine, 
I am quite optimistic. The needs for power in our 
modern civilization are growing continuously in 
magnitude and variety and spreading to all the world. 
The extremely favorable applicability of the gas 
turbine to all forms of aircraft with the exception 
of those requiring rocket propulsion alone, and the 
pressure of military needs will insure a continuous 
development of new materials and components 
which can be fed in to meet the needs of the heavier 
industrial and civilian gas turbine developments. 
This should make for continual improvement and de- 
velopment in the gas turbines to meet these other 
requirements. 

The gas turbine may be handicapped like it is said 
the multitalented young man or woman is. These 
multitalented people do not know just where to con- 
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centrate their great talents and are sometimes in 
danger of being passed by those of lesser ability but 
who have more direct concentration. 

What the gas turbine needs to insure further de- 
velopment, future success, and wide application is 
the confident, creative, and unique application of 
this new power-making tool to the whole field of 


permit it to serve in ways that its competition cannot 
meet so well—and in sufficient volume so that the 
manufacturers of these machines can put in place 
and maintain the organizations and facilities which 
will permit the developments necessary to make this 
business a successful and a profitable undertaking 
—filling its well-deserved place in meeting the grow- 


power where its versatility and unique potentialities ing power needs of the world. 
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Fifteen modern, high speed cargo ships for American shipping firms 
are now on order in U.S. shipyards. Four of these ships have been ordered 
by American Export Lines. Designed by Bethlehem Steel's Central Tech- 
nical Division, these ships are 429 feet in length and have a designed dis- 
placement of 16,710 tons with a 10,210 ton deadweight. The six-hold ship 
is propelled by a geared turbine plant rated at 12,500 SHP with steam 
conditions at the superheater outlet at 615 p.s.i.g. and 850° F. Sustained 
speed at 80 per cent normal SHP is 18!/2 knots. 


American President Lines have two 563-foot ships on order having a 
21,000-ton displacement at a deadweight of about 12,900 tons. These 
ships, closely similar to Mariner-class hulls, have a normal horsepower of 
17,500 providing a sustained speed of 20 knots. Powered by a double- 
reduction geared turbine operating on steam at 600 p.s.i.g. and 900° F., 
these ships have seven holds serviced with 10-ton booms, plus one 30-ton 


and one 60-ton boom. 


Five bulk and general cargo ships are on order by Lykes Brothers. The 
17!/5-knot ships, designed by Gibbs and Cox, are 495 feet in length and 
have a total deadweight of | 1,000 tons in a displacement of 16,870 tons. 
An unusual feature of this ship is the positioning of its machinery space 
with four holds forward and one aft. The steam turbines are designed to 
develop 9000 SHP with throttle steam at 585 p.s.i.g. and 840° F. 


Moore-McCormack Lines have ordered four 485-foot ships designed 
by Ingalls Shipbuilding Corporation. The ships have five holds, 10,500 
DWT and displace 16,400 tons. Designed for a sustained speed of 18 
knots, the turbines will develop | 1,000 SHP with steam at 600 p.s.i.g. and 
845° F. Cargo handling features include a 60-ton boom and hydraulically 


activated hatch covers. 
—from Marine Engineering/Log, May 1958 
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neering from the University of California. Mr. Crouch is presently employed 
as a nuclear engineer in the Research Division of the Marquardt Aircraft Co., 
Van Nuys, California. 


Wiss a nuclear reactor generates useful power, 
it also generates harmful radiation. The princi- 
pal forms of this radiation are: neutrons and 
gammas. The escaping neutrons are fewer in num- 
ber than the gammas, but they are heavier and more 
energetic. They interact predominantly with the 
nuclei of matter, whereas the gammas interact with 
electrons.* The result is that different shielding ma- 
terials are required against each type of radiation. 

On shipboard, effective shielding becomes a par- 
ticularly practical problem. The internal hull pre- 
sents to the reactor a variable configuration of 
plating, framing, and compartmentation with struc- 
tural tie-ins to the reactor shielding. In addition, for 
reactor operation and maintenance, it is necessary 
that piping, wiring, rodding, and access openings 
penetrate the shielding system. All of these irregu- 
larities and penetrations become potential streaming 
and leakage paths (aggravated by vibration, torsion, 
and flexure in ocean environments) through which 
radiation may escape. To meet these practicalities 
and at the same time provide reliable—and simul- 
taneous—attenuation of both neutrons and gammas, 
the use of heavy liquid shielding offers certain ad- 
vantages. To understand these advantages, however, 
we should first investigate the mechanisms of nu- 
clear attenuation. 


NEUTRON ATTENUATION 


The attenuation of neutrons is the more complex 
mechanism. This results from the fact that neutron 
behavior is acutely energy-dependent, and from the 
fact that neutrons are degraded in energy (scat- 
tered) and diminished in number (absorbed) only 
by interactions with the nuclei of matter.t In addi- 


*All matter is composed 0: a heavy “hard core” nucleus (plural: 
nuclei) surrounded by ‘ ‘eiouds” of light weight electrons. 
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tion, the degree of degradation and extent of ab- 
sorption varies with each class of nuclei encount- 
ered. Many of these “encounters” produce second- 
ary gammas! (See Figure 1.) 

The productive asset of any nuclear reactor is its 
neutrons. As a consequence, considerable design 
effort is bent towards utilizing all of the neutrons 
for the production of heat-power, rather than per- 
mitting them to escape from the reactor core. In 
practice, however, somewhere between 10% and 
20% do escape. These are mostly the “fast” neutrons 
with energy content of greater than, say 2 mev 
each.** These fast neutrons initially encounter the 
heavy nuclei of the shielding system and, in the 
process, they experience partial loss of energy by 
what is known as inelastic (putty ball) collisions. 


“knocked -on" 
H Nucleus 


Light Nucleus 
(3) (Hydrogen) 
(Hydrogen) Neutron rmalized 
Neutron 
osorber Nucleus 
(1) «Heavy Nucleus 
(Recoil) 
Fast Neutron 
Capture Gammas 


Inelastic Gamma 
Figure 1. Typical Mechanism of Neutron Attenuation. 


+Since the mass of a neutron is approximately 1850 times that 
_of an electron, electrons provide negligible neutron attenuation. 

**mev=million electron volts. The electron volt is the standard 
unit for expressing the energy content of nuclear radiations. 
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The struck heavy nucleus becomes excited and 
thereupon discharges an inelastic gamma approxi- 
mately equal in energy content to that lost by the 
incident neutron. 


When the inelastically scattered neutrons are re- 
duced to about 2 mev and below, they subsequently 
experience degradation by elastic collisions with 
light nuclei—notably hydrogen. Elastic (billiard 
ball) collisions are the more efficient degradation 
events due to the fact that the mass of the struck 
nucleus (hydrogen) nearly equals that of the inci- 
dent neutron.* The result: the struck nucleus goes 
off in one direction while the scattered neutron goes 
in another. Neutrons continue to be elastically scat- 
tered (moderated) until they are slowed down to 
the thermal energy of the shielding system.** 

Upon thermalization, the neutrons diffuse through 
the shielding medium until they are captured by 
absorber nuclei. All materials will capture thermal 
neutrons to some extent but in certain cases (e.g., 
lithium, boron, cadmium, etc.), the capture proba- 
bility is pronounced. Although the captured neu- 
trons are in a docile energy state, they trigger the 
release of one or more secondary gammas (called 
capture-gammas) with an energy content far in ex- 
cess of that of the incident’ thermal neutron. Iron, 
for example, will capture a 0.03 ev neutron and, in 
turn, will re-emit 6 to 7 mev of capture-gammas!* 


GAMMA ATTENUATION 


Gammas play no significant role in the production 
of useful power from a reactor and, hence, no par- 
ticular effort is made to confine them to the reactor 
core. They are allowed to impinge on the shielding 
system at will. These are known as primary gam- 
mas, and they appear in great numbers... over a 
wide range of energies. Once inside the shield, the 
primary gammas are indistinguishable from the in- 
elastic gammas and the capture-gammas described 
above. 

Regardless of their source, all gammas interact 
preponderantly with the electrons of matter; they 
rarely interact with nuclei. Gammas experience de- 
gradation in energy and diminution in numbers by 
four processes; each of which is a function of the 
incident gamma energy and the electron density of 
the shielding materials. These processes are classi- 


fied as: ** 


(1) photoelectric effects < 1 mev 
(2) Compton scattering ~ 1-5 mev 
(3) pair production ~ 5-10 mev 
(4) re-radiation > 10 mev 


Processes (1), (3), and (4) impart all of the inci- 


#See Section 7-6 “Attenuation of Fast Neutrons” in Bonilla, 
Nuclear Engineering, pp. 256-257. 

+t+The average of thermal neutrons 4.8 x 10-5(°F+ 460) ev. 
For example, at 250°F, the energy content of thermal neutrons 
would be 0.034 ev. See Glasstone, Principles of Nuclear Reactor 


Engineering, p. 14. 
*Rockwell, Reactor Shielding Design Manual, pp. 39-43 
**See article by U. Fano, “Gamma-Ray Attenuation, Part I—Basic 


processes,”” Nucleonics, August, 1953, pp. 8-12. 
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dent gamma energy to the interaction electrons 
which then travel through the shielding medium. As 
a result, the gammas are annihilated. Process (2)— 
Compton scattering—is an exchange phenomenon 
whereby only part of the energy of the incident 
gammas is lost. Compton gammas may experience 
as many as 10 successive scattering events before 
final absorption. This cross-scattering is particularly 
prolific in the 1.5 to 3 mev gamma energy range. 

A typical composite of the four gamma attenua- 
tion processes is shown in Figure 2. In general, the 
gamma-stopping ability of materials decreases with 
increasing energy of incident gammas—to some 
minimum value—then rises gradually thereafter. At 
all energies, however, high-density materials—with 
their many electron clouds—are the most effective 
gamma attenuants. 


COMMON SHIELDING MATERIALS 


From the discussion above, the mechanisms of 
nuclear attenuation are such that different materials 
are required to shield against each type of radiation. 
To shield against fast neutrons, we need a heavy 
material; to slow the neutrons down, we need a light 
material; and to finally capture the thermal neu- 
trons, we need a special material, preferably one 
which releases a minimum of capture-gammas. To 
shield against gammas, we need a heavy material, 
preferably one which minimizes the buildup of 
Compton gammas in the 1.5 to 3 mev energy range. 
Obviously, no one material can satisfy all of these 


Attenuation —— Effectiveness 


Gemma Energy, Mev 


Figure 2. Typical Curves of Gamma Attenuation. 
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requirements and so we must resort to a combina- 
tion of materials. 

For shielding against neutrons, the most common 
material is water—plain, ordinary, fresh water. But 
water, because of its hydrogen content, releases cap- 
ture-gammas at 2.2 mev. This can be partially over- 
come by borating the water, thatis, by adding 
household borax.* The boron nuclei have a high 
thermal neutron capture probability, yet release 
only soft capture-gammas of less than 0.5 mev. So, 
borated water is often used for neutron shields. 

Borated water, however, is not effective against 
fast neutrons nor against gammas. The energy de- 
gradation of fast neutrons is best achieved by such 
common material as lead.** And lead, as is well 
known, is also an excellent shield against gammas. 
It is particularly effective against low-energy gam- 
mas because of its high photoelectric absorption and 
against high-energy gammas because of its high pair 
production. However, lead has poor structural prop- 
erties, especially at temperatures above 150°F, and 
it is toxic (poisonous) when not handled properly.* 


SHIPBOARD SHIELD STRUCTURES 


Water is the most common neutron shielding ma- 
terial; lead the most common gamma shield. But 
both water and lead require supporting structures 
before they can be used. On shipboard, steel is the 
most common structural material, and fortunately, 
it is also a good gamma attenuant.'t In general, 
water is contained in tanks around the reactor, and 


Light metal 
J Slab Lead 
Reactor 4 
é 
V4 
; Z 


Figure 3. Representative Shipboard Shielding Structure. 


*Rockwell, op. cit., pp. 42 and 174-175. 
ee ‘Shield Materials,” The Reactor Handbook—Physics, 


"Rockwell, op. cit., 138 
t#On a weight bas steel is only about 30 percent heavier than 
an equivalent lead shield. 


the lead is bonded externally to these tanks. A 
typical shielding structure is shown in Figure 3. 


Great care is required in the bonding of thick 
lead slabs and casts to the irregularities (stiffeners, 
frames, bulkheads, etc.) of water shielding tanks 
and other shipboard structures. The abutment of 
lead joints and the adjoining of seams may leave 
streaming paths and leakage voids through which 
radiation may escape. Aggravations arise from the 
structural steels themselves. Most steels contain 
manganese, tantalum, and cobalt which absorb 
thermal neutrons .. . to release a profusion of cap- 
ture-gammas.* Thus, those steel structures exposed 
to neutron absorption must be externally protected 
by lead. As an overall consequence, the installation 
of a lead shield involves much hand labor, stringent 
inspection procedures, and other design headaches. 


To avert some of the lead shielding problems 
above, consideration has been given to the installa- 
tion of lead slabs inside the water tanks. If arranged 
as alternate lead-water-lead combinations, particular 
advantages would accrue. During normal reactor 
operation, neutrons and gammas prevail in the 
shielding system as a homogeneous mixture of radi- 
ation emanating in random directions throughout. 
So a comparably random arrangement and intimate 
combination of solid lead in water should provide 
the optimum in shield design. This assumes, of 
course, that clever structural intricacies could be 
worked out. 


Actually, however, if there were solid lead in 
water, the optimum shielding effectiveness would be 
jeopardized. For example, if the water were borated, 
soluble borate ions would combine with some of 
the soluble lead ions to form an insoluble precipi- 
tate: lead metaborate. This precipitate would settle 
to the bottom of the shielding tank, thus reducing 
both the neutron shielding and the gamma shielding 
capability of the system. If the water were not bo- 
rated, some of the lead would dissolve in the water, 
possibly to plate out on the inner tankage structure 
itself. Canning the lead to avoid its dissolution 
would only further complicate the shield design. 


HEAVY LIQUID MATERIALS** 


Within the lead-water concept above, there are 
clues to what might prove to be a very practical and 
efficient shipboard shielding medium in the future. 
For a long time, it has been recognized that the 
ideal shield would consist of an hydrogenous matrix 
with a high-density material and strong neutron ab- 
sorber in homogeneous mixture of such proportions 
to attenuate fast neutrons, thermal neutrons, gamma 
rays, and scattered fluxes—all at a random yet uni- 
form rate.‘ This requirement would be met if an 
aqueous heavy liquid could be formed. Its liquid 


*Rockwell, op. cit., pp. 170-171. 

**Note: Many combinations of hea’ liquid shield: materials 
described herein have been formally disclosed to the U.S. Patent 
Office by the author (i.e., “Patent applied for’’). 

+Glasstone, op. cit., pp. 576-589. 
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nature would assure shipboard installation simplic- 
ity. That is, the shielding medium could be pumped 
in and pumped out like any ballasting or deballast- 
ing operation. To do this, special pumps and piping 
would be required, but in nuclear technology, spe- 
cialized handling equipment is not unusual. 


It happens that there are about 100 compounds of 
lead which are soluble in water. Let’s pick the most 
desirable one and call it Lead-A. It also happens 
that there are about 50 compounds of another ma- 
terial—less well known but almost identically 
equivalent to lead—which are soluble in water. This 
material is thallium; let’s call its most desirable 
compound Thallium-A. There are other compounds 
which are soluble in water but none possesses the 
shielding consequences of these two. Both Lead-A 
and Thallium-A are heavy solutes, and thus are ef- 
fective against fast neutrons and all gammas. The 
solvents (water), then, provides the hydrogenous 
content to thermalize those fast neutrons degraded 
by the heavy solute nuclei. Both Lead-A and Thal- 
lium-A will capture the thermal neutrons, but other 
solute materials will do this better. 


Actually, either one or a combination of both 
heavy liquids above would serve satisfactorily as a 
shipboard shielding medium. But unless a further 
constituent is added, some thermal neutrons would 
penetrate into the steel tank structure and—upon 
capture by many alloys thereof—would be re-radi- 
ated as high energy capture-gammas. These capture- 
gammas would emerge from the external steel 
surfaces of the shielding tanks, and would be just 


Seaturetion Solubility 


150°F 


Temperature 


Figure 4. Comparative Solubilities of Lead and Thallium. 
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as hazardous to humans as though the gammas orig- 
inated from the reactor itself. Fortunately, this pos- 
sibility can be averted by adding to the heavy liquid 
a strong thermal neutron absorber. By properly 
selecting the amount of this absorbing material, the 
probability of capturing all thermal neutrons within 
the heavy liquid medium can be assured. 

There are a number of materials soluble in water 
—and compatible with Lead-A and/or Thallium-A 
—which are more potent than borax as thermal 
neutron absorbers. On a per atom basis, there are 
materials with a capture probability as high as 44,- 
000 . . . compared to 750 for boron. All of these high- 
capture materials give off capture-gammas. So, we 
will pick the one which gives the least number of 
capture-gammas in the unwanted 1-3 mev energy 
range. This would be Cadmium-A.* For an equal 
number of cadmium atoms in the heavy liquid as 
there are number of high-capture atoms in the total 
steel structure (manganese is worst with a proba- 
bility of about 15), there would be a greater than 
150 to 1 probability that the thermal neutrons would 
be captured entirely within the heavy liquid rather 
than in the steel itself. Thus, since steel is a good 
gamma absorber, the cadmium emitted capture- 
gammas are not likely to get outside of the shielding 
tanks. 


TENTH-VALUE THICKNESS COMPARISONS 


For comparative design purposes, it is convenient 
to compute the tenth value thickness of shielding 


Neutron Energy , Mev 


10 15 20 
Tenth-Value Thickness, cm 


Figure 5. Comparative Tenth-Value Thicknesses Against 
Neutrons. 


*See tabulation by Mittelman and Liedtke in ‘Gamma Rays from 
Thermal Neutron Capture,” Nucleonics, May, 1955, pp. 50-51. 
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materials. The “tenth value” is that thickness (in 
centimeters) which attenuates the incident radiation 
—whatever its magnitude—by a factor of ten. It is 
based on simple exponential attenuation, numer- 
ically equal to 
2.303 

= 


The Greek letter cap-sigma (=) is the attenuation 
coefficient of the incident radiation: ¥, for neutrons, 
for gammas.* Both are energy dependent and, 
hence, for every energy level of radiation there will 
be a corresponding tenth-value. The use of tenth- 
values is an engineering tool which permits shield- 
ing comparisons without the necessity for calculat- 
ing total shield designs. 


X1/10™ cm. 


It was pointed out earlier that water is the most 
common neutron shielding material, and lead (in 
solid form) the most common gamma shield. Now, 
having indicated the shielding potentialities of heavy 
liquid materials, it is of interest to compare their 
tenth-value thickness with those of water and lead. 
But, first, we should select a particular heavy liquid 
and indicate the proportions of constituents in- 
volved. 


The choice between Lead-A and Thallium-A is a 
function of temperature (which affects solubility) 
and X-values. At temperatures below 150°F, Lead-A 
is the more soluable constituent, but above 150°F, 
Thallium-A is significantly more soluble (see Figure 
4). At any temperature, however, for an equal vol- 
ume of each solution, Thallium-A gives the higher 
X-values, and thus, the lower tenth-values. Since in 
any practical shipboard shielding system, tempera- 
tures approaching the boiling point of ordinary wa- 
ter can be expected, we can pick Thallium-A as the 
principal constituent of our heavy liquid. We can 
add to this a small percentage of Cadmium-A and 
adjust the combined volume of both solutes so as 
not to exceed 50% of the total heavy liquid medium. 
In other words, we would always have at least 50%, 
or more, water. Henceforth, we shall refer to this 
combination as the “heavy liquid.” 


Without going into all the calculations involved, 
Figure 5 shows the comparative tenth-value thick- 
nesses of water and heavy liquid against neutrons. 
As we would expect from the smaller volume of 
water in the heavy liquid, all-water is superior to 
heavy liquid . . . but only slightly so. It is of signi- 
ficance to note that the tenth-value curve of heavy 
liquid closely resembles that of ordinary water, all 
along the neutron energy spectrum from zero to 10 


N 
(v, 0, + + 0,0, +...) em! 


Sy = p (vy + ve Me + v3 +...) cm 
where, 
p = density of shielding material compound 
M = molecular weight of shielding material 
N = Avogadro’s number, 6 X 10” 
v = molecular percent of constituents 1, 2, 3, etc. 
«= neutron absorption probability of constituents 1, 2, 3, 
etc. 

}#{ = gamma mass absorption of constituents 1, 2, 3, etc. 
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Figure 6. Comparative Tenth-Value Thicknesses Against 
Gammas. 


mev. The maximum thickness involved is approxi- 
mately 20 cm. 

Similarly, Figure 6 shows the comparative tenth- 
value thicknesses of lead and heavy liquid against 
gammas. In this case, solid lead is considerably bet- 
ter than the heavy liquid, but note the parallelism 
in the curves. Note, also, that the maximum tenth- 
value thickness involved is approximately 20 cm. 


The basic feature of interest in Figures 5 and 6 
is this: within the same thickness of water required 
for neutron attenuation, heavy liquid provides the 
same gamma attenuation as solid lead. To get the 
equivalent gamma attenuation with water alone, the 
thickness required would be from three to five times 
as great!* In other words, the heavy liquid gives 
shielding protection simultaneously against both 
gammas and neutrons within the same maximum 
thickness required by ordinary water for neutron 
attenuation alone. Specifically, this means that we 
could do away with solid lead shielding and thus 
avoid the problems of its fabrication and installation. 


ADVANTAGES FOR SHIPBOARD 


Aside from the fact that heavy liquid shielding 
would stop both neutrons and gammas simultane- 


*For example, for 2 mev gammas X:.0 H.L.”16.5 cm. xX: 1. water 
cm. For 10 mev gammas X:. H. L.”20.5 cm; x: water 
110 cm. 
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ously, it offers certain practical advantages for ship- 
board use. Because of the nature of this shielding 
medium, it lends itself readily to remote fabrication. 
The mixing of solutes could be done at chemical 
process plants ashore where established practices of 
automation and mass production would maximize 
quality standards. After fabrication, the heavy liquid 
could be delivered to shipside in tank trucks or rail- 
road tank cars, whereupon it could be pumped into 
the reactor shielding tanks. The result would be 
a minimum of direct handling by humans. This 
should significantly reduce both the shielding costs 
and the hazards involved. 


Devoid (temporarily) of the shielding material, 
the shielding tanks could be designed and tested as 
a separate entity. The shielding thickness and its 
geometry could be arranged for any configuration 
desired (see Figure 7). Spacing could be adjusted 
to compensate for penetrations, framing, ducting, 
conduits, piping, etc. If necessary, tank “bulges” 
could be added to give extra shielding protection in 
special areas. Maintenance access openings could be 
provided. All in all, the shield tanks could be op- 
timized in every way, with the knowledge that the 
heavy liquid medium would conform to every 
irregularity therein. 

Being all liquid in nature, a degree of self-homo- 
geneity could be achieved, heretofore unattained in 
shipboard shielding art. This self-homogeneity 
would be brought about by temperature differences 
within the shielding medium, due to direct reactor 
heating and to the internally generated heat of re- 
coiling nuclei and electrons. These temperature dif- 
ferences would set up natural convection currents 
in which the heavy solute ions would be free to 
move about to attain thermal, chemical, and nuclear 
equilibrium. The consequence is that any selected 
volume of the shielding medium would be identical 
with that of any other selected volume. Thus, the 
normally adverse effects of inhomogeneities in 
shielding materials, structural irregularities, solute 
precipitation, and radiolytic damage would be self- 
compensating. A significant improvement in the uni- 
formity of nuclear attenuation should result. 


THE DISADVANTAGES INVOLVED 


No shielding system is perfect. Though heavy 
liquids may solve one set of problems, they intro- 
duce others of their own. Foremost is the matter of 
temperature control. Prior to reactor startup, the 
shielding system would be at some ambient temper- 
ature—insufficient to maintain the desired heavy 
solute content. On the other hand, when the reactor 
has been operating for awhile, the temperature 
would rise to the point where boiling could occur. 
Hence, to avoid precipitation of the heavy solutes at 
temperatures below some design value, and to avoid 
boiling, heating-cooling coils would be required 
within the shielding tanks. It would be necessary 
that these coils be heated during reactor shutdown, 


502 A.S.N.E. Journal, August 1958 


A Heavy Solutes 


X water 
Absorber Solutes 


Personnel 
Areas 


Figure 7. Possible Reactor Shielding Geometry with Heavy 
Liquids. 


and that they be cooled during normal reactor oper- 
ation . . . by external auxiliary means. To best do 
this, automatic temperature regulation would be 
required. This complicates the shielding system 
somewhat, but the penalty would not be too severe. 


A further problem introduced by heavy liquids 
would be the matter of toxicity, in the event of 
shielding tank leaks. Thallium is a toxic material. 
But so is lead; so is mercury; so are a lot of other 
materials used aboard ship—carbon tetrachloride, 
for example. Obviously, all shielding tank leaks 
would have to be guarded against.* 


Following the operation of a reactor and its shut- 
down, there is the matter of neutron induced radio- 
activity. This is a form of “delayed” radioactivity 
produced by nuclear transformations of the shield- 
ing material nuclei. These transformations take 
place in solid lead and ordinary water as well as in 
heavy liquid. Nevertheless, the heavy liquid con- 
stituents of concern are thallium and cadmium. 
From thallium, five radioisotopes could be formed; 
from cadmium, eight radioisotopes could be 
formed.** However, only two radioisotopes are of 
consequence, namely: TI-204 and Cd-113. Both 
have long half-lives (3.5 years and 5.1 years, respec- 
tively) ,* and in the course of time there could be 
considerable buildup of these radioisotopes. For- 
tunately, only soft beta radiations would be emitted 
(0.75 and 0.60 mev, respectively), and protection 
against their cumulative activity would require no 


*Shielding tank leaks caused by ship collisions and other non- 
nuclear accidents are a separate design subjeci beyond the scope 
of this discussion. 

**Isotopes are different species of a parent material which are 
indistinguishable chemically, but which have different atomic weights. 

The term “half-life” is a radioactive decay constant—in sec, hrs, 
yrs—individually characteristic of each radioisotope. 
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more than ordinary health-physics precautions now 
routine for all reactor plants. 

Possibly the greatest disadvantage of heavy 
liquids for shipboard shielding is the cost of the raw 
materials involved. Thallium is a rare metal and 
cadmium is not too plentiful either.*t The cost of 
each is high. The primary reason for high cost is the 
rather limited commercial use of these materials to- 
day. The commercial production of thallium com- 
pounds is confined chiefly to rat poisons, whereas 
cadmium compounds are being used increasingly in 
electroplating. Future reductions in cost—particu- 
larly of Thallium-A—will depend on developing new 
large-scale commercial applications, such as con- 
ceivably could evolve through heavy liquid shield- 
ing for a fleet of nuclear ships. Whether such a 
course of events will occur is a matter of conjecture. 


NEXT EVOLUTION STEP? 


In the early days of reactor shielding design (mid- 
1940’s) efforts to homogenize shielding materials to 
achieve the advantages of simultaneous attenuation 
of neutrons and gammas centered on “heavy con- 
cretes.” It was found that by incorporating heavy 
materials such as iron, lead, barytes, and other ag- 
gregates, the density of concrete could be increased, 
with consequent greater attenuation ... for the 
same shielding thickness. Attempts were made to 
borate the concrete to improve its thermal neutron 
absorption properties. But, as the concrete was fab- 
ricated in massive blocks (e.g., 3x4x6 ft. weighing 
on the order of 10 tons), the cost of installation 
rose, as did the difficulties of preventing radiation 
leakage through keyways, abutment irregularities, 
and shield penetrations. Obviously, such shielding 
systems were impractical for shipboard. 

With the advent of nuclear ship reactors, the need 
arose for more systematic shielding designs with 
predictable attenuation efficiency. The resulting 
analytical concepts focused on laminations of solid 
materials. then subsequently on the combination of 
liquids and solids. It appears now on shipboard that 
hydrogenous materials are used against fast neu- 
trons; borated materials against thermal neutrons; 
and heavy materials against gammas. The total 


++Only four minerals containing thallium are known to exist. (See 


Thorpe’s Dictionary of Applied Chemistry—14th Edition, pp. 542 ff; 
pp. 193 ff.) 


shield is built up of the best possible combination 
of (solid) lead, steel, and water. The cost of fabri- 
cation is high. Analytically, it is virtually impossible 
to predict radiation leakages at welding, bolting, 
flanging, sheathing, bulkheading, void spaces, etc. 

Considering the sequence of events above, it 
would appear that the next evolutional step in ship- 
board shielding might consist of a single, all-pur- 
pose, heavy liquid medium . . . possibly along the 
lines discussed herein. Such a medium, however, 
would produce no revolutionary reductions in 
shielding size and weight. Instead, it would lend it- 
self to more precise shielding calculations, more 
precise geometry, greater simplicity—in general, to 
numerous refinements in shielding design. The most 
likely ultimate virtue of heavy liquids would be the 
standardization of nuclear ship shielding and the 
evolution of its fabrication into a mass production 
enterprise. 
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The Department of the Army and the Radio Corporation of America 
announced today that they have developed “electronic earmuffs" for 
the soldier, designed to create artificial quiet amid the roars of combat. 


The new experimental earphones, considered a major break-through 
in noise reduction, shut out loud noises that interfere with vital combat 
communications. Developed by the U. S. Army Signal Research and De- 
velopment Laboratory, Fort Monmouth, N.J., and RCA engineers in Cam- 
den, N.J., the earphones are expected to find wide use in tanks and 
Army planes, where noise is a major problem. 


Paradoxically, the scientists created the artificial quiet by adding more 
noise. A miniature microphone in the special earpiece creates a second 
noise—just as loud, but opposite in phase. When the two sound waves 
meet in the earcup, they use up most of their energy fighting each other. 
The result is a greatly reduced noise level. A loud roar is muffled to a 
whisper. 


The earphones, first of their kind, are expected to have many commer- 
cial as well as military uses. For instance, they could be worn by riveters 
and mill workers where the roar of machinery is not only a nuisance but 
sometimes a menace. 


In combat, the earphones might be used by artillerymen to protect 
their eardrums and improve communications. They could increase the 
efficiency of sonar operations by eliminating distracting noises. They 
might also quiet high noise levels for jet bomber and ground mainte- 
nance crews. 


The earpieces work in conjunction with a special electronic inverter 
and amplifier unit that in large-scale production could be made small 
enough to fit into a soldier's pocket. The electronic system cuts low- 
pitched sounds down to as little as 1/10th their original volume. Higher 
pitched sounds are trapped by special foam cushioning. 


The silence synthesizers resulted from early noise reduction experiments 
conducted by Dr. Harry F. Olson, Director of the RCA Acoustical and 
Electromechanical Research Laboratory, Princeton, N.J. Application of 
the concept to earphones was conceived at the U.S. Army Signal Engi- 
neering Laboratories by Raoul A. Faralla of the Audio Branch. The units 
were built by RCA's Surface Communications Department. 

Experimental models of the earmuffs are also under development by 


RCA and the U. S. Air Force. 
"R.C.A. News." 
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i. an article published a few years ago, the writer” 


intimated with befitting subtlety that since most 
concepts of science are relatively simple (once you 
understand them) any ambitious scientist must, in 
self protection, prevent his colleagues from discov- 
ering that his ideas are simple too. So, if he can 
write his published contributions obscurely and un- 
interestingly enough no one will attempt to read 
them but all will instead genuflect in awe before 
such erudition. 


WHAT IS MATHMANSHIP? 

Above and beyond the now-familiar recourse of 
writing in some language that looks like English but 
isn’t, such as Geologese, Biologese, or, perhaps most 
successful of all, Educationalese,” is the further re- 
finement of writing everything possible in mathe- 
matical symbols. This has but one disadvantage, 
namely, that some designing skunk equally profi- 
cient in this low form of cunning may be able to 
follow the reasoning and discover its hidden sim- 
plicity. Fortunately, however, any such nefarious 
design can be thwarted by a modification of the 
well-known art of gamesmanship.’ 

The object of this technique which may, by 
analogy, be termed MATHMANSHIP is to place 
unsuspected obstacles in the way of the pursuer 
until he is obliged by a series of delays and frustra- 
tions to give up the chase and concede his mental 
inferiority to the author. 


“THE AMERICAN SCIENTIST” 


MATHMANSHIP 


THE TYPOGRAPHICAL TRICK 


One of the more rudimentary practices of math- 
manship is to slip in the wrong letters, say a y for a 
7. Even placing an exponent on the wrong side of 
the bracket will also do wonders. This subterfuge, 
while admittedly an infraction of the ground rules, 
rarely incurs a penalty as it can always be blamed 
on the printer. In fact the author need not stoop to 
it himself as any copyist will gladly enter into the 
spirit of the occasion and cooperate voluntarily. You 
need only be trusting and not read the proof. 


STRATEGY OF THE SECRET SYMBOL 

But if, by some mischance, the equations don’t 
get badly garbled, the mathematics is apt to be all 
too easy to follow, provided the reader knows what 
the letters stand for. Here then is your firm line of 
defense: at all cost prevent him from finding out! 

Thus you may state in fine print in a footnote on 
page 35 that V* is the total volume of a phase and 
then on page 873 introduce V* out of a clear sky. 
This, you see, is not actually cheating because after 
all, or rather before all, you did tell what the sym- 
bol meant. By surreptitously introducing one by one 
all the letters of the English, Greek and German 
alphabets right side up and upside down, you can 
make the reader, when he wants to look up any 
topic, read the book backward in order to find out 
what they mean. Some of the most impressive books 
read about as well backward as forward, anyway. 
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MATHMANSHIP 


But should reading backward become so normal 
as to be considered straightforward you can always 
double back on the hounds. For example, introduce 
» on page 66 and avoid defining » until page 86.* 
This will make the whole book required reading. 


THE PI-THROWING CONTEST OR HUMPTY-DUMPTY DODGE 


Although your reader may eventually catch up 
with you, you can throw him off the scent tempo- 
rarily by making him think he knows what the let- 
ters mean. For example every schoolboy knows 
what = stands for so you cat hold him at bay by 
heaving some entirely different kind of = into the 
equation. The poor fellow will automatically multi- 
ply by 3.1416, then begin wondering how a z= got 
into the act anyhow, and finally discover that all the 
while = was osmotic pressure. If you are careful not 
to warn him, this one is good for a delay of about 
an hour and a half. 

This principle, conveniently termed pi-throwing 
can, of course, be modified to apply to any other let- 
ter. Thus you can state perfectly truthfully on page 
141 that F is free energy so if Gentle Reader has 
read another book that used F for Helmholtz free 
energy trying to reconcile your equations before he 
thinks to look for the footnote tucked away at the 
bottom of page 50, dutifully explaining that what 
you are talking about all the time is Gibbs free 
energy which he always thought was G. Meanwhile 
you can compound his confusion by using G for 
something else, such as “any extensive property.” 
F, however, is a particularly happy letter as it can 
be used not only for any unspecified brand of free 
energy but also for fluorine, force, friction, Fara- 
days, or a function of something or other, thus in- 
creasing the degree of randomness. dS. (S, as 
everyone knows stands for entropy, or maybe sul- 
fur). The context. of course, will make the meaning 
clear, especially if you can contrive to use several 
kinds of F’s or S’s in the same equation. 

For all such switching of letters on the reader 
you can cite unimpeachable authority by paraphras- 
ing the writing of an eminent mathematician‘: 

“When I use a letter it means just what I choose it to 


mean—neither more nor less . . . the question is, which is 
to be master—that’s all.” 


THE UNCOMSUMMATED ASTERISK 
Speaking of footnotes (I was, don’t you remem- 
ber?) a subtle ruse is the “uncomsummated aster- 
isk” or “ill-starred letter.” You can use Pt to repre- 
sent some pressure difference from P, thus tricking 


* All these examples are from published literature. Readers de- 
siring specific references may send a self-addressed stamped enve- 
lope. I collect uncanceled stamps.—N. Vanserg 
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the innocent reader into looking at the bottom of 
the page for a footnote. There isn’t any. of course 
but by the time he has decided that P+ must be 
some registered trademark as in the magazine ad- 
vertisements he has lost his place and has to start 
over again. Sometimes, just for variety, you can use 
instead of an asterisk a heavy round dot or bar over 
certain letters. In doing so, it is permissible to give 
the reader enough veiled hints to make him think 
he can figure out the system but do not at anv one 
place explain the general idea of this mystic nota- 
tion, which must remain a closely guarded secret 
known only to the initiated. Do not disclose it under 
pain of expulsion from the fraternity. Let the Baffled 
Barbarian beat his head against the wall of mystery. 
It may be bloodied but if it is unbowed you lose 
the round. 

The other side of the asterisk gambit is to use a 
superscript as a key to a real footnote. The knowl- 
edge-seeker reads that S is —36.7'* calories and 
thinks “Gee what a whale of a lot of calories” until 
he reads to the hottom of the page, finds footnote 
14 and says “oh.” 


THE “HENCE” GAMBIT 

But after all. the most successful device in math- 
manship is to leave out one or two pages of calcu- 
lations and for them substitute the word “hence” 
followed by a colon. This is guaranteed to hold the 
reader for a couple of days figuring out how you 
got hither from hence. Even more effective is to use 
“obviously” instead of “hence,” since no reader is 
likely to show his ignorance by seeking help in 
elucidating anything that is obvious. This succeeds 
not only in frustrating him but also in bringing him 
down with an inferiority complex, one of the prime 
desiderata of the art. 

These, of course, are only the most common and 
elementary rules. The writer has in progress a two- 
volume work on mathmanship complete with ex- 
amples and exercises. It will contain so many secret 
symbols, cryptic codes and hence-gambits that no 
one (but no one) will be able to read it. 
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A CONNECTING LINK BETWEEN ANTENNA AND 
TRANSMISSION LINE THEORY IS ESTABLISHED 


INTRODUCTION 


, INTEGRAL equation technique for solving an- 
tenna problems is a powerful tool. It is shown in 
this note that it may be employed to derive trans- 
mission line theory in a direct and straightforward 
manner. 


THEORETICAL CONSIDERATION 


The transmission line to be analyzed is portrayed 
by Figure 1. The driving voltage is V(—h) which 
is applied across the input terminals of the line lo- 
cated at z=—h. The input current is I(—h). The 
voltage across the load impedance Z, located at 
z=h is V (h), and the load current is I(h). The line 


is of length 2h; the wires labeled (1) and (2) are 
spaced a distance b apart, measured center-to-cen- 
ter; and the radius of the conductors is a. 

It is not difficult to show that the vector potential 
distribution along either wire satisfies the differen- 
tial equation. 


d?A(z) 


dz? 


+ HO (1) 


provided the assumption is made that the wires are 
lossless*. The solution of is 


AG) = cos Bz + C, sin Bz (2) 


Here c is the velocity of light, and B=27/A. A is the 
wavelength, and is given by the formula A=c’f. f is 


* JASNE Vol. 67, No. 1, pp. 213-238, February 1955. 
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TRANSMISSION LINE EQUATIONS HARRISON 


H. 

the frequency. C, and C, are constants. By symmetry 
A,(z) = — A,(z) Tt 
an } (3) 
I,(z) = —1,(2) re 
Following the procedures of analysis previously set forth in this JouRNAL,* : 
it can be demonstrated easily that the integral equation applying to the trans- w 
mission line is = 
ar 


In (4) I(z’) is the current in the line at z’. 

K, (z,2’) =Exp.{ —jB[ (2-2’)*+a*]*} /[(z-2’)? +a" N 
K,, (z,z’) is the same as K, (z,z’) with b written for a. 7 is the characteristic 
resistance of space. »=1207 ohms. 


Now al 
In this approximation the possibility of radiation (2) 2% (1) 
from the line is ignored. Thus | Z=h; X2& 
Here Z,=120 in( 2.) logo (+) (7) 


Z. is recognized as the characteristic impedance 
(resistance) of the transmission line. 


Now the voltage* between the wires at any point 
z is 


V(z)=¢, (z) —¢.(z) =2¢(z) =j 


Performing the indicated operation on (2) one ob- 


tains 
V(z)=2{ —C, sin Bz+C, cos Bz}....... (9) 

Hence 2=0 
V(—h) =2/C, sin Bh+C, cos Ph}...... (10) 

and from (6), 


2 
I(—h) =-i7-{c, cos B h—C, sin en}. 
Z. 
2a 


Solving from and C., 


sin Bh+j-“°1(—h) oon 


s Bh—j"1(—h) sin Bh 


C, 


On substituting (12) into (6) and (9) one obtains 


1(2)=1(—h) cos B(h+2) —j 


sin B(h+z) . (13) 
V(z)=V(—h) cos B(h+z) —jI(—h) Z, sin B(h+z) | Z=-h; X=0 


* Ibid. Equation (17). Figure 1. Two wire transmission line. 
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TRANSMISSION LINE EQUATIONS 


The expressions (13) and (14) are the standard 
transmission line equations. They are more easily 
recognized by changing variable as follows: Let 
x=h+z and s=2h. Then when z=—h, x=o and 
when z=h, x=s. I(—h) =I (0), I(h) =I(s), V(—h) 
=V(o) and V(h)=V(s). With these changes (13) 
and (14) become 


I(x) =I(0) cos x—j~ (15) 
V(x)=V(o) cos Bx—jI(o) Z, sinBx...... (16 
Now 
V(s) 
I(s) 
V(o)_, 
I(o) in 


When (17) is used with (15) and (16) (with x=s), 


Z.+j Z, tan ps 


This expression gives the input impedance of a dis- 
sipationless transmission line of length s, and char- 
acteristic resistance Z,., terminated in the complex 
load impedance Z,. Although (18) is frequently 
employed by engineers in transmission line calcula- 
tions, it should be borne in mind that this formula 
neglects ohmic and radiation losses as well as termi- 
nal zone effects. An exact evaluation of (4) would 
include the radiation resistance of the line, but 
ohmic losses and radiation from the line termina- 
tions would be ignored. It is not difficult to formu- 
late and solve an integral equation paralleling (4) 
which includes ohmic losses. 


Among the newly developed alloys having applications in modern de- 
sign problems, heavy metal alloys have received recent attention. The 
need for concentrated weight in such applications as watches, gyro- 
scopes, and aircraft pilot control sticks has led to the development of 
alloys designed for high density plus properties which facilitate fabrica- 
tion. Larger items are also becoming useful in nuclear applications. Most 
heavy metal items are based on the use of tungsten as the principal alloy- 
ing agent, with copper and nickel as added ingredients to increase duc- 
tility and machinability, resulting in a typical alloy of specific gravity of 
about 17.0, as compared with 11.3 for lead. Tantalum, having a specific 
gravity of about 16.6, is also of interest, chiefly because it is easier to 
work than tungsten alloys. However, its price is considerably higher than 


that of tungsten alloys. 
—from Product Engineering, July 1958 
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Welding together two hemispherical halves of a four-inch thick, mild 
steel, pressure vessel was a fabrication problem of the Newport News 
Shipbuilding and Drydock Company in connection with nuclear reactor 
work in progress there. A 60-inch inside diameter sphere had to be weld- 
ed from the outside only, while having a smooth and uniform joint on the 
inner surface, which was clad with a layer of stainless steel. 

The job was accomplished by the use of a stainless steel insert wire with 
a special cross section. The welding groove was machined on the two 
halves so that the bottom of the Vee was near the inner surface of the 
shell, opening into a small groove around the inner periphery of the joint. 
The insert wire, mushroom shaped in cross section, was tack welded so 
that the stem separated the two sides of the Vee at the point of juncture 
and the head of the mushroom fitted into the small groove backing up the 
Vee. After the two halves were placed together, and the vessel filled with 
an inert gas, the insert was fused from the outside by a gas-shielded 
tungsten arc, in 12-inch segments around the periphery. After each seg- 
ment was fused, a second bead was cuahindl before proceeding to the 
next segment. Diametrically opposed segments were thus welded, after 
after which the sphere was rotated and a third pass made over the seg- 
ments. Radiographic inspection made after the root pass and the two 
following passes showed the weld completely free of all defects. The re- 
mainder of the groove was then filled in successive passes, using stainless 
steel electrodes, followed by Armco iron and then type 7016 electrodes. 


—from Journal of the Franklin Institute, July 1958 


Manufacture of fresh water from the sea, in previous years a problem 
almost exclusively peculiar to marine and naval interests, is now a rapidly 
growing industry. Increasing population and industrial activity trends 
promise future water shortages from natural sources. The Department of 
Interior, under Congressional authority, has the responsibility for develop- 
ing economical methods of de-salting saline water. A survey of some fif- 
teen different approaches to this problem indicated that, at present, the 
submerged tube, multi-stage type is the most economical, producing fresh 
water for an estimated average cost of one-half cent per gallon. A typ- 
ical large industrial plant at Aruba is of the submerged tube type and 
produces 3,500,000 gallons per day. 
—from POWER, July 1958 
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SUBMARINE MOTHER SHIP “CEARA” 


B EARING in mind the era in which the Brazilian 
Navy submarine mother ship Ceard was designed 
and constructed (1915), it did in fact constitute a 
vanguard in naval engineering, and was even 
termed futuristic in technical circles of the day. 

This is a great honor to Italian technique and 
naval engineering, as the designs and fittings were 
carried out by Soc. San Giorgio at their Muggiano 
shipyards at La Spezia. These shipyards which form 
part of the Ansaldo Group are today as active as 
ever. 

Let us sum up briefly the situation which led to 
the construction of the Ceara. 

In the epoch under consideration, that, is just 
prior to and during the initial stages of the first 
world war. all the main Navies were equipped with 
special ships, destined to give assistance to the sub- 
marine flotillas, of which a wide use was foreseen, 
in case of conflict, even if not to the extent which 
was reached especially by the Imperial German 
Navy. 

All these ships, generally merchant ships or war- 
ships which had undergone transformation, but very 
rarely specially-made ones, had to undertake all 
necessary tasks to keep submarines running effi- 
ciently in all parts of the world, far from their bases, 
that is, careenage, supply of fuel, arms and provi- 
sions, repair and part replacement of machinery and 
arms, shelter for the recovery and transport of com- 
plete submarines. 


FIAT STAB. GRANDI MOTORI “TECH. BULLETIN” 
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Ceara on the launching berth. 
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SUBMARINE MOTHER SHIP CEARA 


In effect, as will be seen from the following ex- 
amples, each ship was capable of tackling only a few 
of the tasks mentioned, while the only ship in a 
position to carry out all these requirements was the 
Ceara. 

The French Navy’s Kangoroo had a bow capable 
of opening, and a drydock inside the hull, and was 
suitable for the transport and careenage of two sub- 
marines. By flooding its diving compartments to the 
right degree, the bow could be immersed so as to 
allow the entrance and exit of self-propelled sub- 
marines. This can be considered the mother of mod- 
ern ships for the landing of amphibious tanks, such 
as the American LST’s used in the last war. 


The Anteo of the Royal Italian Navy, which came 
into service in 1914 and was still in service in 1943 
was equipped only for the recovery of immersed 
hulls; it was therefore more a self-propelled barge 
crane than a true mother-ship. 

The Fulton of the U.S. Navy, launched in 1914, 
was intended solely for sheltering the crew, and for 
the supply and maintenance of machinery. 

The first more or less complete mother-ship was 
the Vulkan of the Imperial German Navy, launched 
in 1907. She was equipped with two hulls separated 
by their entire length, and joined only in corre- 
spondance to the superstructure. She could carry 
out recovery and careenage, and further was fitted 
with workshops for the repair and maintenance of 
machinery, and accommodation for the crew, and 
could stock provisions, fuel, munitions and tor- 
pedoes for up to 20 submarines. Owing to her double 
hull, however, her nautical qualities were not good, 
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Submarine constructed in 1911 in the FIAT-San Giorgio Shipyard, for the Brazilian Navy, together with the Ceara. 


and she was therefore unsuitable for the long dis- 
tance transport of underwater units. 
The characteristics of the Ceard were as follows: 
length 100 meters 
breadth 15.8 meters 
maximum immersion at full load 6.45 meters 
maximum displacement 6460 tons 
crew—352 men 
guns II x 102/, IV x 47/40 
2 propellers, 2 rudders 
speed—13 knots 
range (at 10 knots) —4,000 miles 
The ship was equipped: 
for recovery operations: with two cranes, each 
mounted on one of the “tails” of a total capacity of 
400 tons, capable of operating at a depth of up to 
60 meters; 
for careenage and repairs: with a dry-dock inside 
the hull, completely isolable from the sea, of a 
cylindrical-conical shape, the total length being 
about 65 meters; 
for pressurizing purposes: with a watertight door 
and a spherical cap suitable for the astern adit of 
the inside dock and with the necessary pumps and 
compressors for reaching a testing pressure in the 
dock of 8 kg/cm’, and for the pressurizing of sub- 
marines, a pressure of 5 kg/cm’; 
for the repair and maintenance of machinery and 
arms: with a workshop and small foundry, as well 
as necessary compressors for recharging the air bot- 
tles of the submarines, and also generating sets for 
recharging accumulator batteries; 
for under-water work: with a complete diver’s 
outfit; 
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for supplying fuel to 12 small or 9 medium-sized 
submarines, and replacing completely the battery 
elements of 10; 

for feeding and sheltering the crew of six sub- 
marines of the period. 

In the attached illustration are given the general 
plans of the ship, which will illustrate better thar. 
words its structure. 

It should be noted that, although fulfilling all the 
tasks enumerated previously, the ship’s hull had no 
characteristics which might have prejudiced her 
good nautical qualities or sturdiness. The ship had, 
in fact, a single hull with a well fitted bottom line 
for those days, a fixed and consequently more 
robust bow, and a midship section which was ren- 
dered more rigid, rather than weakened by the cen- 
tral cylinder. 

The evolutive qualities were assured by two pro- 
pellers and two rudders, similar to the process today 
in the majority of modern ships. 

Further, a series of diving compartments with ex- 
haust pumps gave the ship the trim for any kind of 
work. 

In the epoch when it was constructed, the opinions 
of naval technicians throughout the world were 
most appraising; the May 1916 edition of the Amer- 
ican magazine “International Engineering” defined 
the Ceara as .. . “an efficient mother ship for the 
submarines” proposing the adoption of a similar one 
by the U.S. Navy. 


The 10-6-1917 edition of the magazine “La Marina 
Mercantile Italiana” from which the information and 
figures for these notes were taken, concludes thus 
an article on the Ceara: 


“..It is certain that in future projects for 
mother-ships, technicians both at home and abroad 
will have more than a little to learn by taking the 
Ceard as a model; by the complexity of the tasks 
she was called upon to fulfil, she has had to solve 
all problems: to develop these more fully, making 
use of the experience of others is a far more simple 
matter than tackling them for the first time. 

“Acting as a model for abroad is indeed a great 
satisfaction for the Italian engineer . . .” 

Finally, we would say that the Ceara has re- 
mained the only complete example of a submarine 
mother-ship for many years, as the evolution of sub- 
marine arms no longer permits one ship alone to 
substitute for a naval base. 

Further, while today the American and British 
Navies claim priority for the creation of the ship 
defined as “dock landing ship” equipped with in- 
ternal dry-dock, this priority can be attributed to 
the Ceara. 

Consequently, if the aforementioned Kangoroo 
can be considered, for its constructive achievements, 
as the basis of the modern LST, the Ceara can justly 
be claimed as the progenitor of the modern LSD, 
not only as regards construction, but also operation. 


The “Comet Il", a solid propellant missile with a thrust of 99,000 


pounds, is believed to have been perfected by the Russians for use as a 


submarine launched missile. Having a range of about 600 miles, this mis- 


sile system is designed for submarine tow in a launching canister. When 


ready for firing, the canister would be flooded so as to position it ver- 


tically. Properly stabilized, it then acts as a launching tube. While such a 


system appears cumbersome, it has the advantage of giving any subma- 


rine a missile launching capability. 
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SOME OF THE ENGINEERING ASPECTS 
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Naval Shipyard. 


I T has been said that nuclear weapons have made 
surface warships obsolete because their effects are 
of such magnitude that defense is impossible. Such 
is not the case; warships are sturdy structures in- 
herently. To withstand the action of the wind and 
waves, and to carry heavy armament and/or armor 
require considerable strength. The loads created by 
firing large guns and missiles make additional de- 
mands on the structural strength of ships. And as 
our knowledge of blast resistant design increases 
ships can be made even stronger. 

The attribute of strength, however, is not enough 
for the naval architect. He must be able to predict 
how strong a given ship is, or will be when it is 
completed. Until 1945 the term ‘ship strength’ con- 
noted the resistance of the composite structure to 
deformation and to damage from wind and wave 
action, from shell bursts, gun blasts, and from the 
underwater explosions of conventional weapons. 

Several years ago a series of firing trials led to 
the development of the ‘7-lb blast curve’. This curve 
defined the area surrounding the large gun turrets 
within which the blast pressure during firing might 
equal or exceed 7 psi; no manned station was to be 
located within this curve. Obviously, then, all struc- 
tural elements within the 7-lb blast curve on board 
ship must be strong enough to withstand, momen- 
tarily at least, a blast overpressure of 7 psi. Later 
when the battleships of the South Dakota and In- 
diana classes were being planned their superstruc- 
ture was so designed as to be capable of withstand- 
ing a pressure from gun blast of 14 psi. These were 
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two concrete examples of designing ships for pre- 
determined air blast resistance. 

During World War II numerous examples of dam- 
age caused by newly developed types of ordnance 
pointed out the vulnerable spots for many ships. 
And later nuclear explosives were developed. Nu- 
clear explosions, underwater and in the air, created 
types of loadings on a ship’s structure that were 
quite unlike those for which combatant ships had 
been designed. After the close of the War, the full 
scale effects of nuclear explosions on ships was in- 
vestigated in Operation CROSSROADS. The dam- 
age resulting from the two explosions at Bikini dur- 


GLOSSARY OF SOME COMMONLY USED AIR BLAST TERMS 
Overpressure: The pressure in excess of atmos- 
pheric at the shock front. 
Dynamic pressure: That caused by the transient 
winds behind the shock front. 
Diffraction loading period: The period during 
which the shock front is bending around or over 
(to engulf) a structure; this period is often meas- 
ured in milliseconds. 
Drag loading period: The period when a structure 
is subjected to dynamic loading (or loading caused 
by the strong transient winds behind the shock 
front); the duration of this period is approximate- 
ly equal to the length of the positive phase of the 
blast. 
Shock strength: The ratio of overpressure plus 
ambient atmospheric to ambient atmospheric pres- 
sure. 
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ing this operation indicated quite firmly that ship 
protection was still a developing proposition. 


Empirical studies and experimentation over the 
years, on both large and small scale, led to the de- 
velopment of a measure of protection for capital 
ships from the effects of underwater explosions. 
Rather efficient side-protection systems have been 
built into aircraft carriers to give the overall struc- 
ture considerable strength to resist underwater 
explosions. 

The resistance of a ship to damage from air blast 
is quite a different matter. It was demonstrated dur- 
ing the Bikini tests of 1946 that the hulls of the 
target ships were quite resistant to the effects of air 
blast; however, many topside elements were easily 
damaged or destroyed by the blast waves. 


We can summarize some of the more important 
effects of air blast. An explosion, whether it be of 
TNT, gasoline vapor or from a fission or fusion 
process, is the liberation of energy in a very short 
interval of time. The sudden liberation of this en- 
ergy is accompanied by a sharp temperature rise so 
that the resulting hot, high pressure explosion 
products expand radially outward very rapidly, 
pushing the surrounding air before them. The de- 
structive effects of an explosion are due directly to 
the great force with which the air is pushed away 
from the center of the explosion. This destructive 
phenomenon is called a blast wave and it travels 
through the air with a speed equal to, or greater 
than, the speed of sound. Figure 1 illustrates the 
time variations of the blast overpressure and dy- 
namic pressure produced by a nuclear explosion. 
The steep front of the blast wave is often called the 
shock front. The damaging capacity of a blast wave 
originating from a nuclear explosion is a combina- 
tion of two factors. First, the magnitude of the 
steep-fronted shock itself impinging on a structure 


Pressure 


Dynamic Pressure 


(which creates a tremendous impulsive load) and, 
second, the relatively long duration of the positive 
phase of the blast (which develops a destructive 
drag load and at the same time exerts a squeezing, 
or compressive, load). The most important differ- 
ence between the effects of a conventional weapon 
and those of a nuclear device (other than that of 
sheer magnitude) is the long duration of the posi- 
tive phase of the blast. 

Some of the phenomena associated with the pas- 
sage of a blast wave past a particular point on the 
ground near the origin are (1): 


Maximum Wind 
Velocity Behind the 


Peak Overpressure 
in Blast Wave, 


Peak Dynamic 
Pressure, 


psi psi Blast Wave, mph 
72 80 1170 
50 40 940 
30 16 670 
20 8 470 
10 2 290 
5 0.7 160 
2 0.1 70 


The dynamic pressure is usually less than the 
overpressure and it persists a bit longer than the 
overpressure, as shown in Figure 1. The importance 
of blast overpressure as a damage factor is indicated 
by the statement that many land structures (espe- 
cially dwellings) are rather seriously damaged by 
blast overpressures of 1 to 5 psi. 

The engineering study of the effects of air blast 
is usually divided into two phases: ‘loading’ and ‘re- 
sponse’; these may be considered as cause and ef- 
fect. The term ‘loading’ means the forces caused by 
a blast wave acting on a specific structure; ‘response’ 
means the movement or distortion of the structure 
resulting from the loading to which it has been 
subjected. 

A series of simplified diagrams (see Figure 2) 
illustrates the manner in which a blast wave en- 
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Figure 1. Variation of Blast Pressure from a Nuclear Explosion. 
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velopes a ship. If the blast wave hitting the ship in 
Figure 2 were to impinge on the midships portion 
of the hull with an angle of incidence of 90°, the 
resulting reflection phenomena could create a pres- 
sure loading on that area of the hull of from 2 to 8 
times the magnitude of the overpressure of the in- 
cident wave. The shock strength and the angle of 
incidence are each important factors in determining 
the value of the reflected pressure. 

The diffraction loading phase of a blast wave is 
diagrammed in Figures 2c and 2d. The capability of 
the diffraction loading phase to create damage is 
directly proportional to its duration. Obviously, this 
phase will persist for the ‘unloading’ or pressure- 
release time, which is the time interval needed for 
the blast wave (or shock front) to travel approxi- 
mately the distance equal to the beam of the ship 
(in the situation shown in Figure 2). For such parts 
of a ship as funnels, masts and antennas, the dura- 
tion of the diffraction phase of loading is quite short. 

When the blast wave passes to the location de- 
picted in Figure 2e, the entire above-water portion 
of the ship’s structure is subjected to the blast over- 
pressure which results in an overall compression. 
Structures facing the explosion feel a dynamic pres- 
sure or drag loading (the drag loading phase) 
caused by the strong transient winds following im- 
mediately behind the shock front. This phase lasts 
for the duration of the positive phase of the blast. 
The masts and antennas of a ship are especially 
sensitive to drag loads. The diffraction load on a 
ship may exist for a fraction of a second whereas 
the load due to the drag phase (for a large nuclear 
bomb) may be applied for several seconds. 

A nuclear weapon producing the same peak over- 


Blast 
Wave 


a 


b 


pressure as a TNT explosion will subject a ship to 
a much longer duration drag load than will the older 
style weapon. The positive phase of the blast from 
the older type weapon endures for a few thou- 
sandths of a second. 

Because of its responsibility for the design of 
ships, the Bureau of Ships is concerned with the 
nature of blast waves and their effects on ship 
structures. The David Taylor Model Basin is gather- 
ing technical data that can be reduced to design 
criteria for the use of the naval architects in the 
Bureau. To obtain and compile this data, the Model 
Basin not only utilizes information gathered from 
full-scale tests of nuclear weapons, it is conducting 
theoretical studies. And, in addition, it monitors the 
Bureau of Ships’ research programs conducted by 
civilian contractors who gather specific and spe- 
cialized segments of data. When these data are inte- 
grated into the engineering information already 
compiled, they will supply the naval architects with 
charts and figures needed to fill the gaps in their 
design criteria for blast resistance. 


In summary: with the development of nuclear 
weapons, new problems in ship protection demand 
solution. To solve some of these problems and to 
insure that new ships have the necessary blast re- 
sistance, an engineering study of air blast has been 
underway, and some of the aspects of air blast de- 
scribed above illustrate the nature and magnitude 
of the problems. 
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Blast wave approach- Blast wave incident Diffraction loading phase, large pressure dif- Drag loading phase, 


ing the ship. on the ship. 


ferentials have developed (pressure on star- blast wave has en- 


board side much less than that on port side). veloped the ship, 


Figure 2. Blast Wave Enveloping a Ship. 


pressure differential 
near zero, high winds 
hitting ship and ship 
is in compression 
from uniform exter- 
nal overpressure. 
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Interest in commercial submarine applications has been evident in sev- 
eral recent announcements. Preliminary studies of a submarine tanker are 
underway in England. Two advantages sought by the scheme are reduced 
resistance and lighter structure. The first advantage accrues by elimina- 
tion of wave-making resistance. It is expected that the lighter structure 
can be achieved since the shell itself is only a boundary surface between 
two liquids and need not withstand pressure, except for the relatively 
small portion housing the crew. Further, if the craft is kept submerged at 
all times, hull movements due to wave action will be nearly eliminated. 
Loading and unloading of cargo and transfer of crew would have to be 
accomplished with the craft submerged. Displacements up to 100,000 
tons and speeds up to 50 or 60 knots are under consideration. 


—from Engineering, May 1958. 


An AC electric motor, capable of continuous speed control, has been 
developed in England. Speed control is accomplished by skewing the axis 
of the stator with respect to the rotor. Efficiencies and power factors are 
reported to be comparable to fixed speed induction motors having the 
same size and number of poles. Prototype motors up to |4 hp have been 
built and successfully tested. 200 and 500 hp units are now under con- 
struction, and an 8000 hp version is being considered for gas blowers in 


nuclear power stations. 
—from PRODUCT ENGINEERING, July 7, 1958 


A relatively unknown material with promising potential in nuclear engi- 


neering applications is beryllium oxide. The low thermal neutron cross- 
section, of metallic beryllium has made it an accepted material for use as I 
a neutron reflector in reactor construction. Beryllium oxide, with an equally de 
small cross-section, also possesses a melting point of over 4600° F, putting tot 
it in the class of a refractory material. It has a considerably higher density of 
than metallic beryllium—by a factor of about 60 per cent. It is also stable ro! 
in the presence of radiation. Increasing use is expected to foster a more = 
efficient treatment and fabrication methods which will reduce its present a 
high cost. 
—From Journal of Metals, June 1958 ee 
me 
ye 
A foundry process offering considerable reduction in time and high be 
quality propeller castings has been successfully used in Bethlehem Pacific's is 
San Francisco Shipyard. The process essentially consists of curing the tic 
mold with an infusion of carbon dioxide gas, which combines with the = 
sodium silicate binder to harden the sand in minutes. Time consuming fur- fo 
nace baking of the mold is eliminated. High quality castings produced by a 
this process are said to greatly reduce machine shop costs. a 
—from Marine Engineer/Log, May 1958 ot 
wi 
of 
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P ARLIAMENT, in the income tax acts, authorizes 
deductions for wear and tear as a percentage of 
total value. The allowance varies with the nature 
of the equipment, ranging from 10% for a steam 
roller to 20% for a taxicab.' Thus more than one- 
tenth of our accumulated wealth is accepted by no 
less discerning a body than the Inland Revenue 
Authorities as vanishing annually. Alternatively, we 
have to invest annually a sum exceeding 10% of all 
real wealth in order that our total capital equip- 
ment should have undiminished value from one 
year to another. 

While the economic implications of this could well 
be ignored in an expanding economy, where there 
is a shortage of capital formation it becomes of cri- 
tical importance. Imagine for example an undevel- 
oped country having a fixed amount of capital 
formation per year; after ten years had passed it 
could become no better off and would have to stand 
still. Fortunately, capital investment increases the 
rate of production of wealth so that this is an ex- 
treme situation which will never in fact come about, 
but it serves to demonstrate what a tremendous toll 
wear and tear, “depreciation,” takes of the wealth 
of the world. 


While wear may not place an absolute limit on 
the life of an investment it certainly lies at the root 
of a great deal of the expenditure on maintenance 
which must take place; maintenance indeed which 
is often costly in itself but still more costly in the 
loss of working time occupied in repairs. This pat- 
tern is repeated throughout industry and therefore 
an important field of study exists whereby, by un- 
derstanding the process of wear we may improve 
practice, design, and materials so as to achieve a 
substantial reduction in operating costs. 

“Wear” is a familiar term but one which is some- 
what difficult to define. After some discussion, a 
Committee of the Institution of Mechanical Engi- 
neers has adopted the following definition: ‘“Pro- 
gressive loss of substance from the surface of a 
body brought about by mechanical action (usually 
it reduces the serviceability of a body but can be 
beneficial in its initial stages in running-in) .” Some 
attempt in the past has been made to define the laws 
governing wear action” and it may be helpful to 
consider the manner in which wear rate varies with 
time of running. 

Three cases are discernible (Figure 1). Firstly, 
we may assume that, in a moderately well-lubri- 
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t (time) 


Figure 1. Idealized wear curves. 


cated system, wear will occur when imperfections 
in the two sliding surfaces collide. If the wear 
process consists of removing these imperfections, 
collisions will become less frequent as wear pro- 
ceeds. Alternatively, lubrication may become more 
effective. We may therefore write. 


——=B-at.. 
a 


This is characteristic of a “running-in” process. 
If however the damage occurs in such a way as 
to make the surface more prone to wear, the wear 


rate may be expected to increase as wear proceeds; 
thus 


where £ is some characteristic of the initial surfaces. 
This expression indicates that the volume of ma- 
terial removed increases very rapidly with time. 
Depending on the values to be assigned to 8 and a, 
wear of this character may present the appearance 
of sudden catastrophic failure. It is therefore pos- 
sible that forms of failure which have previously 
been considered to be instantaneous have in fact 
been manifestations of a comparatively minor form 
of damage to the surface which, if not repaired in- 
stantly, built up rapidly to complete failure. It is 
possible that the action of extreme-pressure lubri- 
cants may be to repair the initial surface defect so 
as to prevent this self-accelerating process. 

This third case, when wear rate is constant, is in- 
dicative of the fact that, although material is being 
removed from the surface, this remains neither 
more nor less susceptible to wear than previously. 
Thus V = at. This situation implies that either the 
mating surface is not wearing at all, for example, it 
is very hard compared with the material under con- 
sideration, that it wears in such a way as neither 
to increase nor diminish the severity of its attack 


520 —AS.N.E. Journal, August 1958 


on the mating surface, as when individual grains 
are removed from a grinding wheel, or that the 
damage is caused by circumstances which are un- 
affected by the topography of the surface, e.g. by 
abrasive matter introduced from outside or by cor- 
rosion. 

If, in the case of a bearing in conventional ma- 
terials, neither catastrophic failure occurs nor wear- 
ing-in until wear rate becomes negligibly small, the 
probability is that the rate of wear will be gov- 
erned by either corrosion or foreign abrasive or 
both. It is to these causes that we must look for an 
explanation of the type of wear exhibited by ma- 
chine elements which, while giving good service for 
years, eventually wear out. 

From the foregoing generalization it will be seen 
that a number of factors have to be taken into ac- 
count to determine the manner in which wear will 
proceed and whether a tolerable service condition 
can be achieved or whether indeed failure is inevi- 
table. These factors are somewhat numerous and, if 
one considers the wide variations in rubbing sur- 
faces encountered in industry, it should be clear 
that some further analysis will be necessary. Figure 
2 shows, in a highly idealized manner, the factors 
believed to govern the wear process. In the first in- 
stance, we must consider the general shape of the 
contacting bodies because this will determine the 
stress system operating. In the diagram these are 
shown as large radii, which is representative of 
conditions which would be experienced in gear 
teeth and roller bearings. In the general case it is 
necessary to quote also two corresponding radii in 
the plane normal to the page. The second most im- 
portant factor is the load applied to the surface. 
This may be a constant force both in magnitude and 
direction or it may vary in magnitude and also in 
its direction relative to the system as a whole. In 
the diagram the velocities of the surfaces, which for 
generality have both been shown as moving, are 
measured relative to the line of action of the load, 
i.e., the system is Eulerian. Therefore the variation 
of the direction of load in space can be taken into 
account in this picture by selecting appropriate 
values of U, and U. where the surfaces are nominal- 
ly flat, it is clear that contact will occur only at 
certain places as governed by the micro-configura- 
tion of the surface, generally referred to as the sur- 
face roughness. In the general case of curved sur- 
faces, it is possible to estimate the stresses by means 
of Hertzian elastic theory. However, the effect of 
irregularities, which will almost certainly be ran- 
dom in character, will result in numerous concen- 
trated contacts some of a higher intensity than 
others. Thus plastic flow will take place and the 
plastic properties of the bearing metal, or of the 
superficial layer where this differs from the parent 
metal, are of importance as well as its elastic prop- 
erties. It is the object of engineering design, wher- 
ever possible, to provide hydrodynamic lubricant 
conditions, that is, to ensure that the two surfaces 
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Figure 2. Generalized rubbing surfaces. U; and U: are the velocities of the surfaces relative to the center of the zone of 
contact. Thus when U,—0, simple sliding takes place. When U.—U: the surfaces roll without sliding. 


are physically separated by a high-pressure lubri- 
cant film. The pressure generated through such a 
film would depend on the normal load P, the rela- 
tive values of U, and U, and r, and rz, as well as 
the viscosity » of the lubricant. In the case of con- 
tacting cylinders the minimum film thickness hn» 
may be regarded as being proportional to 


U,+U. 
1p 


Provided h,,;, is sufficiently large to prevent con- 
tact of individual asperities, wear will be dependent 
merely on the presence of loose abrasive particles 
of a greater dimension than this. 


The hydrodynamic design of bearing surfaces is 
the concern of the engineer and is governed by the 
laws of Applied Mechanics. It is therefore outside 
our subject; we are concerned with those conditions 
where h,»;, cannot be maintained at the desired 
value: that is, with circumstances where it is im- 
portant to take into account more detailed proper- 
ties of the surface. In such circumstances it is pos- 
sible to obtain reasonably effective lubrication by 
the use of boundary lubricants. ‘These may function 
by physical adsorption on to the surface, but more 
often they operate by reacting chemically therewith 
to provide material whose rheological properties 
enable load to be transmitted between the surfaces 


without excessive interaction and damage. Vital, in 
any study of wear, is the true nature of the oxides 
of the surface which in all practical cases involves 
some form of oxide film. Earlier concepts and indeed 
the diagrammatic representation in Figure 2 where- 
in the oxide film was considered as a layer of uni- 
form thickness composed of uniform material is a 
gross over-simplification. The thickness of the oxide 
film may vary considerably along. the surface and 
its chemical composition is by no means uniform 
from inside to outside. This involved field therefore 
must be studied intensively if we are to make much 
further progress in understanding the fundamentals 
of wear. 

The important effect of the surface layer affords 
us the opportunity of artificially developing im- 
proved surfaces from the point of view of friction 
and wear. We have, for example, the well-estab- 
lished phosphating processes together with new 
processes such as the “sulfinuz” and it is by modi- 
fying the surface layer that the chemist and metal- 
lurgist may find a very fruitful field of activity in 
the pursuit of wear prevention. 

Immediately below the oxide film, and often 
mingled with it in an intimate way, is the true sur- 
face layer of the metal. Depending on the method 
of manufacture, this layer may depart very consid- 
erably from the basic structure of the parent metal. 
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Indeed, the concept of an amorphous region was 
well established by Beilby. Most finishing processes 
will lead to a highly distorted metal which will often 
be enriched by oxide incorporated from the oxide 
layer. Then again, depending on the method of 
manufacture and on the intensity of loading relative 
to the material properties of the parent metal, there 
may well be a layer of sirained and distorted struc- 
ture before we reach the parent metal itself. Con- 
sidering the wide range of hardness, toughness, and 
chemical reactivity of the materials available to 
modern technology, the selection for any applica- 
tion must leave a wide field for discriminating 
choice. 

It will be seen that with all these factors entering 
into any practical application, a generalized treat- 
ment of wear—a treatment which would consider 
the effect of varying any factor against a back- 
ground of the full range of possible variation of the 
other factors—would be quite impossible, and those 
having responsibility for programs of research on 
wear intended to be applicable to all industry can- 
not take a purely logical approach and work 
through all the effects of their combinations but 
must to some extent gamble on the selection of the 
most profitable regions of study. 

It is proposed in the remainder of this lecture to 
select certain conditions applicable to well-known 
engineering applications and to illustrate them from 
current research at the Mechanical Engineering Re- 
search Laboratory. 


ROLLING CONTACT 


Here, in pure rolling, U, may be taken as equal 
to U, and W a constant load. In the absence of rela- 
tive lateral motion between the surfaces this situa- 
tion might at first sight seem to give rise to no wear 
whatsoever. However, it is a well-known fact that 
ball bearings fail by pitting in a somewhat unpre- 
dictable manner. The load/life relationships show a 
statistical spread which can be represented as a plot 
of the life to failure against the number of elements 


withstanding that life. A general relationship be- 
tween the average life and load appears to take the 
form of the inverse cube law. A simple form of test 
has been developed for this purpose. 

Because the conditions are Hertzian, it is neces- 
sary for the parent material to possess a high yield 
stress and either a through-hardening steel or a 
case-hardened steel giving a hardness at the surface 
of something in the region of 800 V.P.N. is univer- 
sally employed in practice. Even so, evidence of 
plastic flow has been noted in our experiments at 
higher loads. The formation of mechanical troostite 
was first discovered by Jones.* Examination of 
actual failed bearings and tests run at less intense 
loads, show an absence of this feature; therefore if 
this is detected in a bearing, it is reasonable to as- 
sume that it is evidence of excessive loading. 

While it is clear that the origin of pitting must be 
associated with high Hertzian stresses, it cannot be 
regarded simply as a problem in mechanical fatigue 
because the nature of lubricant has been shown to 
have a very marked effect on its incidence.t The 
use of different fluids as lubricants may result in a 
six-fold variation in life as shown in Figure 3. The 
reason for this is still somewhat a matter of specu- 
lation. It is clear that the presence of a lubricant 
may affect the stress distribution over a contact 
zone, particularly when it is borne in mind that 
most petroleum lubricants are very sensitive to 
pressure, viscosity increasing up to solidification. 
This may modify the stress system as between dif- 
ferent lubricants as will be mentioned later. How- 
ever, there is also the possibility of the lubricant 
entering pre-existing cracks or those formed by 
conventional fatigue processes in the manner sug- 
gested by Way.° Clearly the viscosity-pressure re- 
lationship of the lubricant may well affect such be- 
haviour. Some evidence in this respect arises from 
the directional nature of the phenomena. Where, in 
the test rig mentioned, U, is not equal to U; over 
the whole of the contact zone and where there is an 
advancement of one surface over another, cracks 


Typical mineral oil 
O Water glycol fluid 


= | 


+ Synthetic lubricont 
Non flammable hydraulic fluid 


1000 10 000 


Time to failure ~ minutes 
Figure 3. The load/time to failure curves for various lubricants. 
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appear to originate and spread on the slower sur- 
face. Further, there is also the possibility that small 
incipient cracks may be spread by means of stress 
corrosion. Evidence existing at the moment, while 
clearly showing that the nature of the lubricant is a 
vital factor, does not enable these theories to be dis- 
criminated between in an absolute manner. As in 
many technological problems, it is conceivable that 
neither of the theories is a complete explanation 
and that the occurrence of the phenomena may be 
governed by a combination of more than one effect. 


SCUFFING 

For the purpose of our next section, we shall con- 
sider the case where we have Hertzian contact as 
before, but where U, is set at a zero value. Under 
these circumstances scuffing becomes an important 
type of failure. 

It is evident that in many cases wear is a self- 
propagating process and that debris arising from the 
initial stages may very soon lead to an increase in 
wear. Indeed the initial evidence may always be 
expected to be destroyed. Therefore, at the Mechan- 
ical Engineering Research Laboratory the attempt 
was made to reproduce the very first initiation of 
wear and to examine its form by means of an elec- 
tron miscroscope. Experiments were carried out on 
a machine illustrated in Figure 4, known as the 
crossed cylinder machine.* This machine consists of 
two cylinders each 2” in diameter, which are loaded 


Load Max.—2000 Ibs (900 kg) 
Min ——10 |bs(4.5 kg) 


Max. 1620 r.p.m. 
Min. 180 rpm 


Figure 4. Crossed cylinder machine, schematical. 


together at right angles; the lower one rotates, 
whereas the upper one is traversed longitudinally 
and transversely during the test so that no element 
of the surface is subjected to contact for a second 
time. Because the traversing action of the machine 
brings the position of the lower cylinder nearer to 
the fulcrum of the loading lever, this also results in 
a gradual increase in load as the test proceeds. The 
track on the lower test piece takes the form of a 
helix and it is possible to observe the manner in 
which the damage increases from an apparent pol- 
ishing to severe scuffing. 

The conditions whereby surfaces subject to in- 


tense pressure may be lubricated effectively are still 
the subject of study. Under the conditions of this 
test even with the smoothest surfaces the loads ap- 
plied were such that the minimum film thickness is 
calculated from simple hydrodynamic theory to be 
much lower than the magnitude of the expected 
surface irregularities. However hard and stiff the 
surface material may be, the loads applied are such 
that there is some elastic deformation. It is now be- 
lieved that this elastic deformation, coupled with 
the increase in viscosity due to pressure, will so 
modify the generation of hydrodynamic pressure as 
to enable the load to be carried without actual con- 
tact. Figure 5 shows how this modification will take 
place. It will be noted that at one particular region 
a rather thin film is expected. 


3 Hertzian stress distribution 

$ 

2 4 Departure from 

E Hertzian stress to 
& contorm with hydrodynamic 


balance of forces 
Hertzian deformation 


Deporture from Hertzian deformation to 
4 give film profile consistent with ——- 


hydrodynamic pressures to balance. 
T elastic stresses 


Figure 5. Stress and film profile illustrating elasto-hydro- 
dynamic theories. 


The distinguishing features of a scuffed surface 
are usually numerous torn patches and blobs of 
transferred material, and the phenomenon had fre- 
quently been attributed to the high temperatures 
produced by rubbing at points in intimate contact. 
Under certain conditions of high load and speed, 
frictional heat cannot be dissipated rapidly in the 
surrounding media and an unstable system is initi- 
ated which leads quickly to localized welding of the 
opposing surfaces and their subsequent rupture. 
Qualitative conditions governing the inception of 
scuffing have not yet been fully determined. The 
most promising explanation so far advanced has 
been Blok’s temperature flash criterion.’ The prob- 
lem cannot, however, be solved by thermal consid- 
erations because experimental evidence of the varia- 
tion in the coefficient of friction makes it apparent 
that scuffing may occur under substantially hydro- 
dynamic conditions. Means of lubrication and the 
properties of the surfaces must therefore be taken 
into account. 

FRETTING CORROSION 

Fretting corrosion is a ‘term used to describe a 
form of wear which usually occurs in closely-fitted 
surfaces subject to vibratory motions of small am- 
plitude. Indeed it occurs most frequently in situa- 
tions where the designer has intended that there 
should be no motion whatsoever and it is most com- 
monly found in so-called force fits or press fits, 
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where one sees exuding from the fit, reddish-brown- 
ish material usually known in engineering work- 
shop parlance as “cocoa.” I am going to classify this 
as a form of wear; a form which may be more 
prevalent than would be assumed from the presence 
or absence of “cocoa.” For example, it has been 
suggested * that in the case of a machine tool bed, 
the most serious wear may occur when the bed is 
stationary and subject to oscillatory forces rather 
than during the time it is being moved from one 
position to another. 

Figure 6 attempts to summarize the successive 
stages of the fretting process. First of all we see two 
surface protuberances coming together, the oscilla- 
tory motion causes some damage, and then, the mo- 
tion being so small relative to the size of the contact 
area, the majority of that debris cannot escape and 
gradually increases in volume so as to separate 
metal from metal entirely. Finally one has the 
anomalous result that, owing to this milling of ox- 
ide, the pits may be larger than any individual ele- 
ment of the debris. 


Returning to our analysis, it will be seen that the 
characteristic of fretting corrosion is that the rela- 
tive motion U, — U: is of minute amplitude and os- 


cillatory in character. The conditions are such that 
the surface roughness is of predominant importance, 
over and above surface form, so that r, and r, may 
have finite values or be infinite corresponding to a 
plane surface. The effect of air or other environ- 
ment is shown to be particularly important. 


SIMPLE SLIDING WITH AND WITHOUT OXYGEN 

The experimental set-up is one which has been 
used by many experimenters on friction and wear, 
namely a spherical surface sliding simply over a 
plane surface. r, is of the order of one cm and r, in- 
finity. Actually the lower test piece was in the form 
of an annulus and the three spherical test pieces 
were provided on the upper piece. The uppermost 
of the test pieces was cleaned by polishing under a 
constant flow of water in a figure-of-eight motion 
on 600 A waterproof abrasive paper providing a 
surface roughness of the order of 5 micro-inches 
C.L.A. The freshly abraded specimen was imme- 
diately washed in industrial spirit and analar 
acetone. While the specimen was still covered with 
acetone it was placed in a degreaser, where it was 
flushed continually with methyl ethyl ketone vapor. 
After the hot distilled methyl ethyl ketone had 


a Adhesive contact of asperities 


B Material plucked from surface 


1) Oxidised debris trapped between surfaces 
Figure 6. Successive stages of fretting corrosion. 
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flowed over the specimen for at least twenty min- 
utes, the specimen was picked up with clean cru- 
cible tongs and placed in the machine. The machine 
was then evacuated to a vacuum of the order of 
10-* mm of mercury. A most interesting and unex- 
pected result of the first measurements was the co- 
efficient of friction recorded, which was about 0.1, 
a surprisingly low value for a clean unlubricated 
surface. On air being admitted to the apparatus, the 
coefficient of friction rose to a value ranging from 
0.3 to 0.6, and on the apparatus being re-evacuated, 
friction fell again to something approaching its 
original value. 


Studies of the wear occuring on the surfaces dur- 
ing the experiments showed conformity with this 
friction result, the wear in the evacuated volume 
being hardly detectable in relation to the original 
surface finish of the surface. However, when air 
was admitted, wear became serious and easily de- 
tectable. This effect was reversible. When pure 
oxygen was substituted for air, a similar result was 
obtained. This was rather surprising because it is 
usually assumed that adsorbed oxygen on the sur- 
face has a lubricating effect. That the effect is not 
due to initial contamination is evidenced by its re- 
versibility. When the surfaces were completely out- 
gassed, the reversible effect did not occur and in- 
deed the coefficient of friction rose to about 0.9, as 
shown in Figure 7, and the low value in vacuum 
was not repeatable. The low value in vacuum must 
therefore be attributable to the form of the oxide 
film created during the abrading and cleaning proc- 
ess. It is suggested that this film was thin in char- 
acter and so tough that it was able to withstand the 
intense pressure of the contact and prevented metal 
reaching metal. 


It is to be expected that there would be a con- 
siderable temperature developed at the contact and 
that minute defects would occur in the film. In the 
presence of oxygen these would permit a diffusion 
towards the contact areas and the formation of 
oxide there. It is conceivable that the oxide formed 
at the point of contact might have a very different 


te 
(air (Oxygen) 
§ Resevacucted |. (Nitrogen) 
| 
= (Vacuum) (Vacuum) (Vacuum) 
(Vacuum) 
(Vacuum) (Air) Ain admitted eed admitted 
Admitted |” Roritied inRarified 
Hydrogen (Air) | Nitrogen (Air) 
(Vacuum) (Véeuum) (Vacuum 


Figure 7. Effect of atmosphere on friction of clean steel 
on clean steel. 


composition, being formed at high temperature, 
from that arising from the preparation process. It is 
clear from the experiment that any protection 
afforded by the original oxide has been destroyed, 
and we may suppose that the oxide formed under 
rubbing conditions was abrasive in character rather 
than protective. This opens out an entirely new 
field of study and it shows clearly the importance 
of the ambient atmosphere surrounding a rubbing 
process. In the case where surfaces were effectively 
outgassed it was seen that the admission of oxygen 
did produce a reduction in friction down to a value 
0.5-0.6 characteristic of the rubbing of steel on steel 
in air. 


CONSIDERATION OF SOME IMPORTANT PRACTICAL CASES 

These four examples, selected from current re- 
search, illustrate the effect of varying conditions of 
duty on the wear process; some important practical 
cases are as follows: 
Engine cylinders 

In these circumstances r, and r, may be consid- 
ered as infinity and U.=o0. P between the piston 
ring or piston and cylinder walls is seldom of great 
magnitude as compared with the areas involved, but 
the presence of abrasive material and corrosive en- 
vironment becomes of predominating importance. 
This situation has been met to a large extent by 
lubricant development. Lubricants which not only 
prevent the aggregation of carbon-containing abras- 
ive material but also provide alkalinity to neutralize 
the acids arising from combustion or lubricant de- 
terioration, have shown remarkable effectiveness in 
the reduction of wear. However, less is known of 
the required properties of the rubbing surfaces or 
of the detailed design in order to reduce wear. Work 
at the Imperial College’? and Cambridge has 
shown that, in favorable circumstances, piston rings 
can operate hydrodynamically. There is no reason 
to believe that the piston itself may not operate 
similarly. The engineer therefore has some respon- 
sibility to produce thick lubricant films in order to 
reduce the abrasive nature of cylinder wear, but 
the corrosive element must still make demands on 
the metallurgist. 
Engine bearings 

The bearings of engines should normally operate 
hydrodynamically, although, because the load varies 
in a very complicated manner both in magnitude 
and direction, hydrodynamic conditions may break 
down locally. Moreover, conditions at starting are 
probably not hydrodynamic. Therefore we may ex- 
cept local wear, although a conformable material 
may soon assume a form conducive to the maximum 
exploitation of hydrodynamic lubrication. However, 
in most cases, the same lubricating oil is used for 
the bearings as for the pistons and this may contain 
corrosive agents. Therefore the environmental fac- 
tor becomes of considerable importance. This is 
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overcome technically by the addition of appropriate 
additives to the lubricating oil. 

Metallurgical aspects of the bearing materials are 
also of considerable importance. In particular, be- 
cause of the pulsating nature of the load, the parent 
metal is subject to fatigue. To some extent in the 
case of white metals, this may be overcome by re- 
stricting the thickness and providing a steel back- 
ing. However, in more rigorous situations it is usual 
to resort to the use of leaded bronzes, which intro- 
duce more corrosion problems. Bearings, therefore, 
clearly provide scope for the extension of a com- 
bination of metallurgical and physical knowledge. 


Gears 

Here r, and r., U, and U, are all finite and a 
chemically-active environment is deliberately cre- 
ated by the presence of an extreme-pressure addi- 
tive. 

A particularly onerous form of gear is embodied 
in the “hypoid” rear axle, because of the particular 
sliding conditions arising from the offset of the axle 
relative to the shaft. Such gears would not operate 
when lubricated by conventional mineral oils, and 
their extensive use in automobile engineering has 
been rendered possible solely by the invention of 
extreme-pressure additives. Under high speed con- 
ditions, failure occurs by scuffing, but under heavy 
loads at low speeds, “rippling” may occur. The basic 
cause of this effect is as yet unknown but metallur- 
gical factors are known to affect test results. 


CONCLUSIONS 

It will have been gathered that the study of any 
particular wear phenomenon should be preceded by 
an analysis of the dynamic, the geometric, the kine- 
matic, and the metallurgical factors surrounding the 
application. That metallurgical structure may be of 
great importance is instanced by the difference in 
resistance to abrasive wear of steels having the 
same bulk hardness. It is likely that each phase in 
the microstructure may have its own contribution 
to make to the wear process. 
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A helium wind tunnel for supersonic test work is now in operation by 
the General Electric Research Laboratory. Attaining velocities of Mach 
28, the helium is not subject to the great changes in properties and com- 
position which occur in air under similar high speed conditions. Models up 
to one inch in diameter may be placed in the throat section and studied 


by means of schlieren photographs. 


—from General Electric Review, July 1958 


The Westinghouse candidate for the largest single-shaft steam turbine 
is on order from The Middle South Utilities system. A tandem-compound, 
3600 r.p.m. machine, it will have a rating of 325,000 KW. Steam condi- 
tions are 2000 p.s.i. and 1000° F, with reheat to 1000° F. Steam consump- 
tion will be 2,300,000 pounds per hour. 
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—from Westinghouse Engineer, May 1958 
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SHIPBOARD USE 
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Research and Development Division. He is currently working in the Fuels 
and Lubricants Section of the Bureau of Ships as a civilian chemical engi- 


neer. (The total active duty time is 8 years.) 


O N 16 October 1953, an explosion aboard the 
USS Leyte, CVS-32, gave a low continued rumble. 
Flames reached the hanger deck from two decks 
below and smoke blanketed the ship. The port 
catapult was wrecked and all persons in the cata- 
pult room were killed. After one and a half hours, 
the main fire was extinguished and finally, after 
another two and three-fourths hours, the remaining 
fires were put out. As a result of this catastrophe, 
thirty-seven persons were dead, twenty-six were 
hospitalized, others had minor injuries, and two- 
thirds of a million dollars material damage had been 
done. 

A Naval Court of Inquiry was established to de- 
termine the cause of the explosion. There seemed 
no doubt that it was initiated inside the air-oil sys- 
tem of the catapult. A tenable theory as to the cause 
was that of compression ignition. The precise point 
of ignition was probably in the bourdon gage on the 
regulator. The oil used was a 51F23 hydraulic oil 
with a cetane rating of approximately 50. 

This was not the first experience the Navy had 
had with compression ignition, nor, was it to be the 
last. None of the previous occurrences had been of 


such catastrophic proportions as to create a demand 
for greater safety. However, seven months later, a 
similar explosion occurred aboard the USS Benning- 
ton, CV-20. Needless to say, the search for a satis- 
factory fire-resistant hydraulic fluid was given an 
urgent priority. 

After the USS Leyte disaster, interim precaution- 
ary instructions were issued to forces afloat. A 
water base safety fluid was used in catapults. In- 
structions were given to open dangerous valves 
slowly and to mark these valves. Hydraulic lines 
were to be bled regularly. Nitrogen blanketing was 
suggested and all known types of fluids which might 
be used were investigated. Silicones were found to 
have too poor a lubricity, as well as being too ex- 
pensive; silicates were too flammable. Adipates and 
subaceates were not only too flammable, but also 
expensive and scarce. Halogenated hydrocarbons 
and phosphate esters were studied. It was at this 
stage that the USS Bennington explosion occurred. 

More basic knowledge was required on the com- 
bustion-ignition phenomena, as caused by shock 
waves. A research contract was given to the Penn- 
sylvania State University to make such a study. The 
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goal was to find a nonflammable fluid with the lub- 
ricating properties of a petroleum oil. About this 
time, the Naval Material Laboratory at the New 
York Shipyard began a series of tests on lubricity 
with an angular ball bearing tester of their own de- 
sign. The U. S. Naval Engineering Experiment Sta- 
tion ran extended service tests on various types of 
pumps. 

From the Pennsylvania State University research 
of the materials tested, water appeared to be the 
only nonflammable material. All other fluids burned 
when they were exposed to the high pressure shock 
waves. As a nonflammable material seemed out of 
the picture, then finding a fire-resistant fluid seemed 
to be the answer. The responsibility of developing 
a suitable test method for this type of a fluid was 
given the Naval Engineering Experiment Station. 

The accumulated data from all sources reached 
the state where a specification could be drafted. A 
phosphate ester type fluid was chosen. A specifica- 
tion on this type of hydraulic fluid was issued on 20 
May 1956 under MIL-H-19457(SHIPS). One test 
was indefinite, namely, toxicity. The specification 
states “approval of the fluid from a health hazard 
standpoint by a competent Naval authority shall be 
required.” The Bureau of Medicine and Surgery, 
with the assistance of the National Research Coun- 
cil and industry, undertook the tremendous task of 
determining the allowable amount of toxicity and 
the attendant precautions required under shipboard 
conditions. 

The fire-resistance of a fluid is currently evalu- 
ated by two tests. One method is by compression 
ignition in a simulated piping system; the other 
method is with a standard CFR cetane rating engine 
which is modified to increase the compression ratio 
up to 55:1. These methods appear to suit best the 
condition imposed during shipboard operations. The 
values obtained under these test procedures were: 

(a) For petroleum oil: 

1. Maximum upstream pressure of 100 p.s.i. at a test 
temperature of 140°F. in the pipe test rig. 

2. Maximum compression ratio of 20 to 1 in the modi- 
fied CFR cetane engine. 

(b) Phosphate ester meeting MIL-H-19457 (SHIPS) : 

1. Better than 2,500 p.s.i. upstreams pressure at test 
temperature of 140°F. in the pipe test rig. 

2. Better than a 40 to 1 compression ratio in the modi- 
fied CFR cetane engine. 

Other fire-resistance or flammability test proce- 
dures have been given consideration and rejected so 
far. The ASTM flash and fire tests were valuable for 
production quality control, but of little meaning as a 
fire-resistant test. The flammability spray test dem- 
onstrated the flame supporting characteristics of a 
fluid spray under atmospheric pressure. The hot 
manifold test and autoignition temperature were 
also made at atmospheric pressure. Inasmuch as 
compression ignition appears to be one of the great 
flammability hazards on shipboard, none of these 
tests were deemed suitable. 


A hydraulic oil such as M.S. 2110H is soluble in 
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the specification phosphate ester fluid up to about 
ten per cent. Above this percentage, separation oc- 
curs and the oil may be removed from the top. Dis- 
solved oil will increase the flammability of the fluid. 
The compression ratio for firing the CFR engine has 
not dropped below the specified 40 to 1 ratio with 
ten per cent oil contamination. 

A number of tests were available to evaluate the 
lubricity of the fluid as compared with a petroleum 
oil. The Shell 4-ball machine, Falex machine, Tim- 
ken machine, and Almen machine are examples. The 
proof of suitability is the service life of the equip- 
ment the fluid is used in. This may be simulated by 
pump tests. The duration of service life must of 
necessity be in the thousands of hours. An acceler- 
ated test was necessary. This required heavy loading 
of angular ball bearings in a test rig, rather than a 
thousand hour test in a Pesco pump. Heavy loading 
was checked against light loading, as well as with 
pump performance. The correlation was excellent. 
The difference in results for a change in bearing 
loading was only that of magnitude of bearing life 
when a constant temperature was used. 

The angular contact ball bearing test was de- 
veloped by the Material Laboratory at the New 
York Naval Shipyard. A size 208 angular contact 
ball bearing was rotated on a shaft under a thrust 
load of 4600 pounds at a speed of 1750 r.p.m. A 4- 
quart capacity circulating lubricant system deliv- 
ered one pint of fluid per minute to the thrust bear- 
ing at an inlet temperature of 150+3°F. 

Every variable was controlled, as far as was 
humanly possible, however, the variation in ball- 
bearing life is unpredictable, even with bearings 
from the same batch. The possibility of excessive 
error from this source was reduced by making at 
least 12 valid runs. The model average life of the 
bearings was used for evaluation of the lubricity of 
a fluid. By means of statistical analysis, the modal 
life was estimated as the number of hours which 
63.2 per cent of the bearings tested would exceed. 

Based on the lubricity test, the phosphate ester 
fluid was found to have a lubricity next best to 
petroleum of the materials tested. It is hoped that 
the lubricity of the safety type fluids will be im- 
proved in the future. 

The viscosity-temperature relationship is not 
especially good. This is a field where improvement 
is greatly desired. The specification designates a 200- 
232 second SSU Viscosity at 100°F. and a 42 second 
minimum Viscosity at 210°F. The pump operating 
temperatures of about 150°F. require a fluid viscous 
enough to prevent slippage but fluid enough to ob- 
tain optimum efficiency and flow. A 4000 second 
fluid is the maximum viscosity usable in pumps. 
Cold weather operations, tropical conditions, and 
average temperature are all to be considered since 
an increased number of applications of nonflamma- 
ble hydraulic fluids are being investigated. 

A maximum pour of 0°F. is required by the Spe- 
cification MIL-H-19457 (SHIPS). Aboard ship, this 
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upper limit will be satisfactory, if readily pumpable 
at 15°F. 


The fluid must have viscosity stability under 
shear. If usage causes too great a change in viscos- 
ity, the material will be unfit for use. This might be 
evidenced by separation of additives or sludge form- 
ation. Therefore, not greater than a ten per cent 
decrease in viscosity at 120°F. under specified test 
conditions was deemed sufficient protection. 


Hydrolytic stability must be good and corrosion, 
low. Emulsion tendencies with water must be mini- 
mum, as well as the foam stability of entrained air. 


The field of toxicity of the phosphate ester had 
not been extensively explored. It was known that 
during World War II, the Germans had tried to use 
these materials as substitutes for cooking oils. The 
result was sickness and death. However, the manu- 
facturers had no adverse health reports on the per- 
sonnel engaged in producing and handling this ma- 
terial. The suspected poison was the triortho cresol 
in the phosphate esters. With the Bureau of Medi- 
cine and Surgery guiding the investigation, the Na- 
tional Research Council and the manufacturers 
made detailed studies. Mice, rabbits, and chickens 
were used to evaluate the toxicity caused by inges- 
tion, inhalation, and contact. The ortho cresol isomer 
was an offender, but not the only one. Even when 
the ortho content was at a minimum, the toxicity 
level could still be high. However, when the ortho 
content of such material was raised, the toxicity 
level also went up. 


A limited shipboard use was authorized under 
careful medical supervision. The reaction on animals 
might not necessarily apply to men, and surely, the 
permissible amounts would not be the same. The 
environment surrounding the installation was ana- 
lyzed for the phosphate ester concentration weekly, 
when possible, for several months. Blood choline- 
sterase studies were done on the personnel which 
were employed in the exposed areas. When all the 
data was collated, the following criteria was de- 
veloped for a permissible toxicity level of a phos- 
phate ester placed aboard a surface ship. 


The minimum requirements for toxicity test pro- 
gram includes oral toxicity, skin absorption, and in- 
halation tests. Mice, guinea pigs, female rabbits, and 
hens are used as experimental animals. A minimum 
of four animals should be used for each dose in all 
tests. Sufficient animals and a correct sequence of 
doses should be chosen to make a statistical evalua- 
tion of the results possible. The maximum of any 
test period is for subacute oral toxicity, which is 
thirty days. A “TOCP equivalent on Chickens” is a 
point score method developed by the Naval Medical 
Research Institute. This was developed to provide a 
uniform method to evaluate the paralytic activity of 
a phosphate ester fluid administered to chickens by 
the oral route, as compared to triortho cresol phos- 
phate. 


The shipboard handling instructions for safety 


type hydraulic fluids were issued by the Bureau of 
Ships in April 1957. The periodic physical examina- 
tions and cholinesterase studies were no longer re- 
quired. Air concentration of the fluid was to be 
maintained below ten parts per million. Spillage 
was to be cleaned up immediately. Skin contact was 
to be avoided by wearing butyl rubber gloves and 
mist-type respirators were to be available for use 
by personnel repairing leaks. Finally, treatment of 
affected exposed personnel was to be on a symto- 
matie basis. 


To extend the usage of a fire-resistant hydraulic 
fluid, other characteristics were investigated. The 
fluid must be noncorrosive. No slick should form on 
sea water. This is especially necessary aboard sub- 
marines to prevent underwater locating or tracking. 
The fluid must be compatible with readily available 
gasket materials. Bulk modulus, which is the effect 
of pressure on volume change, must be investigated 
more fully. Since the price is high compared with 
petroleum oil, it is desirable to reclaim contaminated 
fluid when possible. If additives are used, their re- 
plenishment must be effected if they are deplated 
due to washing or plating out. 


These characteristics of the hydraulic fluid have 
caused some shipboard alterations. Since the phos- 
phate ester is heavier than water, some piping re- 
arrangements were necessary. The solvent action of 
the fluid has involved gasket replacement and paint 
removal from parts in contact with the phosphate 
ester. A careful examination should be made of the 
location of electrical insulation which might be at- 
tacked by the contact of a spray or leakage. 


The use of the fire-resistant hydraulic fluid is a 
safety precaution which is needed in hydraulic sys- 
tems where air accumulators are used. This safety 
type fluid is very desirable where there is a possi- 
bility of a fire hazard due to ruptured lines or leak- 
age. The current naval applications of this fluid are 
in the carrier elevators, steering mechanisms, jet- 
blast deflector hydraulic systems, and compressors. 
The submarine hydraulic systems need a nontoxic 
fire-resistant fluid with a high viscosity index. Ex- 
ternal piping for hydraulic fluid is subject to tem- 
perature extremes and requires a low pour point 
and a high VI. as internal piping may be exposed 
to high temperature, the fluid must also have ther- 
mal stability. 


As the applications increase, the demand for a 
better fluid is greater. Improvement is desired in 
the following fields: Cost, lubricity, viscosity-tem- 
perature relationship, toxicity, thermal stability at 
elevated temperature, low pour point, fire-resist- 
ance, and bulk modulus. The Military Specification 
MIL-H-19457 (SHIPS) is the Navy’s first step in re- 
ducing hydraulic fluid fire and explosion hazards 
aboard ship. It is hoped that with the continued co- 
operation of industry, the goal of finding this needed 
improved type of lubricating fluid will soon be 
reached. 


A.S.N.E. Journal, August 1958 529 


+4 
iS- 
id. 
as 
th 
he : 
m 
n- 
p- 
oy 
of 
ig 
1g 
th 
it. 
1g 
fe 
e- 
ct 
st 
4- 
V- 
r- 
aS 
1- 
ye 
at 
1e 
of 
al 
or 
to 
at 
n- 
ot 
ait 
id 
ig 
1S 
d 
S. 
d 
A- 


Dr. John F. Flagg, of the General Electric Research Laboratory, has 
written a brief survey of the field of unconventional power sources, that 
is, electricity -generation by means other than commonly used chemical 
batteries and rotating machinery. Means of converting mechanical en- 
ergy to electric power include utilization of the pieze-electric effect, in 
which alternate deformations in certain types of crystals produce elec- 
trical impulses. Conversion efficiences in excess of 50 percent may be 
obtained under optimum conditions of operations. Electromagnetic 
induction, wherein the armature is moved in vibration to generate cur- 
rents by magnetic air gap flux changes, has attracted recent interest for 
use as small power sources. Another means is the magnetic-striction phe- 
nomenon, which involves variation of magnetic flux in a magnetized ma- 
terial when the material is subjected to dimensional changes, as from 
acoustic pressure waves. The generation of an electric potential by a fluid 
flowing past a solid surface is called the streaming, or electrokinetic, 


potential. 
The conversion of thermal energy to electricity includes the thermo- 

electric devices which are essentially thermo-couples. Current efforts are T 
focused on experimentation with various types of junction materials. Ther- de 
mionic emision, the emission of electrons as a function of the temperature pr 
and the work-function of a surface, has been previously of little interest ov 
in power generation. However, recent new techniques promise higher con- i" 
version efficiencies, and high-current power devices appear. possible. sit 
Thermomagnetic generation depends upon thermal cycling of a magnetic ” 
material, and was the subject of a patent in 1935. Other energy devices of 
include the fuel cell, which directly converts the energy of a chemical re- ma 
action into electricity; and devices for direct conversion of radiation from pe 
a nuclear reaction into electricity. of 
—from GENERAL ELECTRIC REVIEW, July 1958 né 
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I INTRODUCTION 


_ PAPER presents a comprehensive theory for 
determining the forces and motions of a submarine 
cable in typical laying and recovery situations. In 
addition to the case of the cable ship in a calm sea 
over a horizontal bottom, the problems of ship mo- 
tion, variable ocean depth, ocean currents and cable 
control are considered. Most results are reduced to 
simple formulas and graphs, and applications are 
illustrated by examples. 

In the summer of 1857, the first attempted laying 
of a transatlantic cable ended dismally when, after 
only a few hundred miles had been laid, the cable 
broke and fell into the sea. Although fouling of the 
payout gear caused by a negligent workman was the 
principal suspected reasons for the failure, its oc- 
currence aroused great interest in the detailed dy- 
namics and kinematics of the laying of submarine 
cable, and leading British scientists such as Kelvin 
and Airy published analyses of this problem in late 
1857 and early 1858. 

However, after this initial activity, interest in 
submarine cable dynamics and kinematics evidently 
waned for there appear only sporadic subsequent 
investigations in the literature. Further, the results 
of the early and subsequent analytical investigations 
have been, by and large, little utilized in cable lay- 
ing and recovery practice. One can conjecture sev- 
eral reasons for this. For one, because the early 


analytical work was done before the advent of 
modern hydrodynamic theory, it did not rest on a 
secure base. Thus, as late as 1875, one finds vigorous 
debate over the nature of the tangential resistance 
of water to the cable. For another, the results of the 
analyses could not all be expressed in terms of ele- 
mentary functions and required the numerical eval- 
uation of some definite integrals. In the 1850’s this 
was a tedious and laborious process. However, these 
are probably secondary reasons. For, after another 
failure in the early summer of 1858, a transatlantic 
cable was successfully laid in August of that year. 
The mechanical problem of depositing a cable was 
thus proved surmountable without complicated 
mathematical analyses, and the marriage of analy- 
sis and practice was never fully realized. 

A present day submarine cable may be part of a 
vital and expensive transmission system. Further, it 
is important that repair, if necessary, be as efficient 
as possible. To accomplish efficient laying and re- 
pair, an understanding of the dynamics and kine- 
matics of cable laying and recovery is essential. 


The purpose of this paper is to provide some of 
this understanding in as straightforward a way as 
possible. To this end concepts and results are 
stressed in the main part of the paper, mathematical 
details being given in the appendices. Moreover, we 
hope to show that the results of the analysis can 
provide a numerical basis for decision making in 
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many of the laying and recovery operations. Most 
of these results can be expressed in the form of 
simple formulas and graphs. Several numerical 
examples are included to illustrate concretely how 
the results can be applied in practice. 

The general plan of the paper is to proceed from 
simple to more refined models of the laying and re- 
covery processes. Thus, we discuss first what we 
have called the two-dimensional stationary model. 
This model is appropriate for laying and recovery 
on or from a perfectly flat bottom while sailing on a 
perfectly still sea. As a preliminary to this discus- 
sion, we consider in some detail the hydrodynamic 
behavior of typical deep sea submarine cable. We 
then take up the effects of the ship motions which 
are induced by wave action and the effect of a bot- 
tom of varying depth. These considerations are fol- 
lowed by a short discussion of the problem of con- 
trolling the cable pay-out properly during laying 
and the associated problem of the accuracy of the 
present taut wire method of determining ship speed. 
Finally, we consider the three-dimensional station- 
ary model and the effects of ocean cross currents. 


II. BASIC ASSUMPTIONS 


Our analyses, like most analyses of physical prob- 
lems, are based on idealizations or mathematical 
models of the actual physical system. The extent of 
validity of these models must be ultimately deter- 
mined by experiment and experience. However, we 
shall try to give the reader an idea of when they 
are clearly applicable and when they are not. 

All of the models we consider contain two basic 
idealizations, namely, 

(1) No bending stiffness in cable, i.e., it is a per- 
fectly flexible string, 

(2) The average forward speed of the ship is con- 
stant. 


III. TWO-DIMENSIONAL STATIONARY MODEL 
General 


Assume that the cable ship is sailing at a constant 
horizontal velocity, that the cable pay-out or haul- 
in rate is constant, and that the drag of the water 
on the cable depends only on the relative velocity 
between the water and the cable. Further, assume 
that in a frame of reference translating with the ship 
the cable configuration is time-independent or sta- 
tionary. This idealized model of the cable laying or 
recovery process we call the two-dimensional sta- 
tionary model. 

This is the model which has been considered in 
the previous analytical studies. As the early investi- 
gators quickly pointed out, when the tension at the 
bottom of the cable is zero, the cable, according to 
this model, can lie in a straight line from ship to 
ocean bottom. During laying, when slack is normal- 
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ly paid out, the zero tension condition actually 
occurs, and hence this case is of considerable prac- 
tical importance. 

That the straight line is a possible configuration 
can be seen from Figure 1. In the vector diagram 
the velocity of the water with respect to the cable is 
resolved into a component Vy normal to the cable 
and a component V, tangential to it. Associated 
with Vy and V,; are normal and tangential water 
resistance or drag forces Dy and Dy. In the straight 
line configuration, the cable inclination is such that 
Dy just balances the normal component of the cable 
weight forces. The situation is thus analogous to 
that of a chain sliding on an inclined plane, with the 
forces Dy corresponding to the normal reaction 
forces of the plane. 


Figure 1. Forces acting on a cable in normal laying. 


For most submarine cable the tangential drag 
force is small compared with cable weight. Hence, 
during slack laying the cable tension at the ship is 
very nearly equal to the weight in water of a length 
of cable equal to the ocean depth. 

The straight-line solution is the simplest and 
probably the most important result to be obtained 
from the stationary two-dimensional model. We 
shall derive results for other important situations 
from this model also. As a preliminary, we study 
first, however, the nature of the normal and tangen- 
tial drag forces Dy and Dy. 


Normal Drag Force and the Cable Angle a 


The resistance at sufficiently slow speeds to the 
flow of a fluid around an immersed body varies as 
the square of the fluid velocity. This relationship is 
usually written as 


pVy*d 


D, Cp 2 


Substitution for Dy and Vy from the velocity and 

force diagrams in Figure 1 yields 

CppV7d 
2 


Ww cos a = sin? a, 

which suggests how the value of the drag coefficient 
Cp can be obtained experimentally. By towing a 
length of cable in water at a constant velocity, one 
can establish the straight-line configuration. The 
angle a can then be measured as a function of ve- 
locity, from which Cp, can be computed. 
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Figure 2. Experimental and theoretical variation of critical 
angle with towing velocity for cable No. 1. 
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Figure 3. Experimental and theoretical variation of critical 
angle with towing velocity for cable No. 2. 


Figures 2 and 3 show the results of such tests to- 
gether with plots for the indicated values of Cp. 
These results are taken from an analysis of experi- 
mental data. To eliminate end effects different 
lengths of cable were towed, as is indicated by the 
plotted experimental points. Cable No. 1 was 0.75 
inch diameter cable covered with smooth polyethyl- 


ene. Cable No. 2 was 1.25 inch diameter cable cov- 
ered with rough tar impregnated jute. It is seen 
the analytic expression gives a good fit to the ex- 
perimental data over the entire velocity range. 

If the cable has a smooth exterior, an estimate of 
the drag coefficient Cp can be computed from pub- 
lished values of resistance to flow about an im- 
mersed cylinder. This computation is described in 
Appendix B of the original paper where also are 
tabulated computed values of Cp. For the smooth 
cable No. 1, the value of C, obtained from Append- 
ix B is 1.00 which is in fair agreement with the 
experimentally determined value of 1.11. 

Although the drag coefficient Cp is a fundamental 
hydrodynamic parameter, it is not the most con- 
venient description of the effect of the normal com- 
ponent of water velocity. For small values of the 
incidence angle a the cosine is nearly one and the 
sine may be replaced by its approximate value a». 
The above expression is thus nearly 


2w 
aV = Hi. 


The quantity (2w/Cppd)* is a constant for a given 
cable. It brings together all the cable parameters 
which influence the magnitude of the incidence 
angle a. If the angle a for a given speed is deter- 
mined accurately, as can be done in a towing test or 
with a sextant during over-the-stern laying, this 
quantity is easily computed. Because of its impor- 
tance, we shall call it the hydrodynamic constant of 
the cable and denote it by H. 

Computed values of Cp and H for smooth cable 
and piano wire are tabulated in Tables I and II from 
Appendix B of the original paper. 


TaBLeE I—Computed Values of the Hydrodynamic 
Constant H in Degree-Knots for Smooth Cable 


Gs 
Pee Diameter in Inches 
35 0.5 0.75 1.00 125 150 175 20 25 30 40 
01 S45 42 FS 37 DWE G2 232 210 179 
0.2 759 61.1 523 464 419 385 358 316 285 24.4 
3 91.7 736 629 556 502 461 428 38.0 344 29.7 
0.4 104.7 839 715 63.1 57.1 525 9 43.5 39.6 343 
0.5 115.9 926 789 698 633 583 544 485 443 38.3 
6 125.8 100.4 85.6 75.9 689 63.6 le a 
0.7 1076 919 816 74.2 68.7 642 574 524 45.3 
0.8 114.2 97.8 87.0 793 734 686 61.3 55.9 48.4 
0.9 1206 103.4 92.1 841 77.8 72.7 65.0 593 513 
1.0 126.5 108.7 97.1 886 82.0 766 685 62.5 54.1 
2.0 153.3 137.0 125.0 115.7 108.2 96.7 88.2 76.3 
3.0 167.6 152.9 141.5 132.3 118.2 107.9 93.3 


When the approximate relationship for a is not 
valid, a can be obtained by solving the original. This 
gives 
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where V is in knots and H in radian-knots. In terms 
of a we obtain in turn 


Cos a = V 1 + ao ew 
This relationship is shown in Figure 4, where the 
incidence angle a is plotted as a function of the ap- 
proximate incidence angle a. It is seen that for 
a < 20° the difference between a, and a is negligible. 


TABLE II—Computed Cp and H Values of 
Piano Wire 


Gauge 
(Am. Steel & Wire) Dia. (inches) ony H (deg-knots) 

0 0.009 2.49 10.7 

5 0.014 1.91 15.2 
10 0.024 1.56 22.1 
15 0.035 1.39 28.2 
20 0.045 1.31 33.0 
25 0.059 1.24 38.7 
30 0.080 1.14 47.2 
35 0.106 1.02 SIL 
40 0.138 0.970 67.1 


Physically a is the angle the cable assumes in the 
straight-line shape for the velocity V. However, in 
addition, a can be thought of as a dimensionless 
parameter which embodies both the hydrodynamic 
properties of the cable and the ship speed. 
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Figure 4. Variation of a with a,. 


Tangential Drag Force 


Over the range of velocities encountered in laying 
and recovery the drag coefficient Cp is essentially 
constant. However, the corresponding coefficient for 
the skin friction force associated with V7, the com- 
ponent of flow along the cable, is not constant. For 
the cable of smooth exterior (cable No. 1), it was 
possible to correlate the experimental data, as is 
shown by Figure 5. Here D, is the skin friction or 
tangential drag force per unit length; V;, is the rela- 
tive velocity of the water with respect to a cable 
element given for straight-line laying by 


V.=V.—V cos a, 


where V.. is the cable pay-out rate; p is the mass 
density of water; and Nz is the Reynolds number 
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defined as Neg = V;L/v, where v is the kinematic 
viscosity of water. The data of Figure 5 are for 100 
foot lengths of cable towed in fresh water at a tem- 
perature of 60°F. 


9 


© TOWING TEST VALUES 


Dr 


d, 


Dr 


0.055/(Ne) 


Yi 


° 1 2 3 4 5 6 7 8 9 10 
TOWING VELOCITY IN KNOTS 


Figure 5. Experimental values of the tangential drag force 
for cable No. 1. 


The form of the expressions correlating the ex- 
perimental data in Figure 5 suggests that the flow 
tangential to a smooth cable is similar to flow past a 
smooth plate. In such flow a turbulent boundary 
layer develops which grows in thickness with dis- 
tance from the leading edge. Substitution in the ex- 
pression for D; the definition of Reynolds number 
given above shows a length dependence. Since Fig- 
ure 5 refers to 100 foot cable lengths, the correla- 
tion may not be accurate for the magnitudes of L 
occurring in deep-sea laying, and should be used 
only to obtain the order of magnitude of C;,. 

For the cable with the rough jute outer covering 
(cable No. 2), it was found that the data correlated 
differently as shown in Figure 6. The constant 0.01 
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Figure 6. Experimental values of the tangential drag force 
for cable No. 2. 
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in this equation has the dimensions necessary to 
give D, in units of pounds per foot when V; is in 
feet per second. We note that for this cable D, is 
independent of the length of the cable. 

The ratio of D; to the tangential component of the 
cable weight force is given by D;/w sin a. Even for 
small values of a of the order of twelve degrees, 
D,/w sin a is of the order of 6 per cent for relative 
tangential velocities V, of 1.0 feet/sec. In many sit- 
uations V, will be less than this value, and we can 
neglect D; compared to w sin a. As we shall see 
later, this approximation greatly simplifies the dif- 
ferential equations of the two-dimensional station- 
ary model. 

Historically, the question of the variation of D, 
with V; is of some interest. In one of the early 
papers of 1858 Longridge and Brooks assumed a ve- 
locity squared dependence. In 1875, W. Siemens at- 
tacked this assumption stating that D,; actually va- 
ried linearly with V;. There ensued a debate in 
which many bitter words but few experimental data 
were displayed. In view of our present knowledge 
that the skin friction force, even in the simplest case 
of flow past a smooth plate, is the result of compli- 
cated boundary layer phenomenon, the existence of 
this confusion is not surprising. 


Sinking Velocities and Their Relationship to 
Drag Forces 

The studies of submarine cable forces in 1857 and 
1858 preceded modern fluid mechanics by many 
years. To characterize the hydrodynamic forces act- 
ing on cable the early investigators used sinking or 
settling velocities rather than the more recently 
conceived drag coefficients. The transverse sinking 
velocity u, was defined as the terminal velocity at- 
tained by a straight, horizontal length of cable sink- 
ing in water. Similarly, the longitudinal sinking ve- 
locity v, was the terminal velocity of a cable length 
sinking with its axis constrained to be vertical. If 
for a given cable the drag forces are functions only 
of velocity, the parameters w, u;, and v,, together 
with the laws of variation of the drag forces with 
velocity, completely define the hydrodynamic be- 
havior of the cable. Since sinking velocities are still 
used in submarine cable technology, it is of interest 
to relate them to the more modern drag coefficient 
viewpoint. 

Since the unit transverse drag force must equal 
the unit cable weight w at transverse sinking ve- 
locity, 


Thus, the transverse sinking velocity u, is identical 
with the hydrodynamic constant H. 

For the tangential or skin friction flow along 
smooth cable, the sinking velocity concept is inade- 
quate because the unit tangential drag force Dy va- 
ries with length as well as with the relative tan- 


gential velocity V;. However, for cable with the con- 
ventional jute exterior (cable No. 2), from the 
correlation equation in Figure 6, the vertical sinking 
velocity v, is v,= (46.1w) '/1**, where v, is in knots. 

We note in passing that the cable does not, as is 
sometimes supposed, sink vertically to the bottom 
at the transverse sinking velocity u,. Actually, the 
term “vertical cable sinking rate” is ambiguous. 
There are in fact two vertical sinking rates which 
may be important. Although both these rates are 
normally approximately equal to u, neither is iden- 
tical to it. 

Relative to the earth, the resultant velocity Vz of 
a cable element has two components: a horizontal 
component of the magnitude of the ship velocity, 
and a component inclined at the angle a of the mag- 
nitude of the cable pay-out rate V,.. These are shown 
in Figure 7. The component V,,.,; of Vr, given by 
Viere=V- sin a is the rate at which a cable element 
sinks vertically. For a laying depth h, the time ; it 
takes for a cable element to sink to bottom is there- 
fore s=h/V, sin a. This time would, for example, 
tell one how long it takes a lightweight repeater, in- 
tegral with the cable, to reach the ocean bottom. 


Figure 7. Illustration of vertical cable sinking rates. 


On the other hand, consider the intersection of 
the cable configuration with a vertical line (Figure 
7). In the time t, as the ship sails a distance Vt, the 
intersection moves from A to A’, a distance Vt tan 
a. Hence the cable configuration in this sense sinks 
vertically at the rate V tan a, and the time 4 for the 
configuration to reach bottom in a depth h is 
6=h/V tan a. One may be interested in how long 
it takes after the ship has passed over an ocean bot- 
tom anomaly P’ (Figure 7) for the cable configura- 
tion to reach the anomaly. This is just the time @. 

Hence, the vertical sinking rates V, sin a and 
Vtana can both be of interest. At the usual ship 
speeds, sin a ~ tana ~a ~ u,/V. Further V,. nor- 
mally differs little from V. Hence, both these rates 
are indeed normally approximately equal to us. 


General Solution of the Stationary 
Two-Dimensional Model 


Assume that each cable element is traveling along 
the stationary cable configuration with the constant 
speed V,. Starting at the ocean bottom let s be the 
arc length along the stationary configuration. We 
define s to be positive in the direction opposite to 
the direction of travel of the cable elements. So, as 
Figure 8 indicates, in laying, positive s is directed 
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from the ocean bottom toward the ship, while in re- 
covery the situation is reversed. We let 6 be the 
angle between the positive s direction and the di- 
rection of the ship velocity. 


LAYING 


x 


Figure 8. Definition of coordinates for the two-dimensional 
stationary model. 


Figure 9 shows the forces acting on an element 
of the cable, with tension at the point s being de- 
noted by T. 


ds 
n 


Y 


<_ o>? | Dy As 
wAs 


Figure 9. Diagram of forces acting on a cable element. 


The original paper here derives the governing 
differential equations. 

One solution of the equations is readily seen to be 
that 6=a. This, with 4 not variable along the cable 
element s, is in fact the important straight-line so- 
lution which has been discussed. 

At the cable touchdown point on the ocean bot- 
tom only two conditions are possible. If the angle 4 
is not zero or = there, the cable tension T must be 
zero. Otherwise a finite tension would act on an in- 
finitesimal length of cable, producing an infinite 
acceleration. Hence, either the tension T must be 
zero or the angle 4 must be zero or =. The first case 
normally implies a straight-line configuration. In 
other cases, we define T, as the tension at the touch- 
down point, and we let 4, be zero or =, whichever is 
appropriate. 

For other than the straight-line solution, the 
original paper presents integral representation of 
the complete solution of the basic two-dimensional 
model. In general, the integrals appearing in these 
equations cannot be evaluated in terms of ele- 
mentary functions, and the solution must be ob- 
tained by numerical integration. For towing prob- 
lems where the pay-out velocity is zero, Pode has 
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tabulated these numerical integrations using the 
approximation that D,; has certain constant values. 
However, in towing problems the direction of D; 
is opposite to what it is in normal laying and recov- 
ery problems. Because small magnitudes of Dy were 
used, these tables nevertheless usually give ade- 
quate results in laying and recovery situations as 
well. At the same time, for submarine cable prob- 
lems, other approximations allow more convenient 
ways of evaluating the integrals. 


For example, it is more accurate simply to assume 
that Dy is zero. This approximation gives a neg- 
ligible deviation from the exact solution if the rela- 
tive tangential velocity V; is small. This approxima- 
tion in the differential equations leads to the result 
that the tension T, at the cable ship is very nearly 


T, =T, + wh, 


where h is the depth at the touchdown point. Thus, 
if the tangential drag force is negligible, the tension 
at the ship is essentially the bottom tension plus wh, 
regardless of the nature of the normal drag forces. 


Approximate Solution for Cable Laying 


On long cable lays ship speeds are normally of the 
order of 4-8 knots, with accompanying values of the 
critical angle a of the order of 10°-30°. For these 
small values of a, the assumption of zero tangential 
drag together with some mathematical approxima- 
tions allow further simplifications of the general 
solution. These simplifications are derived in detail 
in Appendix C of the original paper. 

The first result, only indicated here, is that in the 
laying case, the cable configuration is very close to 
a straight line except for a short distance at the 
ocean bottom. 


In Appendix C it is further shown that for small a 


S=L+xT,/w, 
X =Lecosa+ AT,/w. 


Here S and X are the distance along the cable and 
the horizontal distances respectively from the touch- 
down point to the ship (Figure 11), L and L cos a 
are the corresponding distances for straight-line 
laying at the same ship speed, and « and X are fun- 
ctions of the critical angle a which are plotted in 
Figure 10. To illustrate the use of this result we 
consider the following. 

Example: Cable No. 2 is being laid without slack 
onto a rough bottom from a ship moving at six 
knots. If the pay-out rate is decreased so the slack 
is 1 per cent negative, what is the subsequent rise 
of the tension with time at the ship? 

This is really a transient problem. However, we 
shall try to get an idea of the average behavior of 
the cable by assuming it passes through a sequence 
of stationary configurations. Also, we assume that 
because of the rough bottom there is no slippage of 
the cable along the ocean floor. 
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If § is the amount of negative slack and V the 
ship speed, then in a time t an amount V (1—%8)t of 
cable will have been paid out. This amount plus the 
inclined length L will equal the amount contained in 
the curve AOC (Figure 11). We then have 


L+V(1—$8)t=S+Vt— (X —Leocosa). 
Substituting into this equation and solving for T, we 


find T,= (w/ (A—«))8Vt and that the tension at the 
ship is given by 


T, = wh + —~—8Vt. 
A-k 


For cable No. 2 a ship speed of six knots corresponds 
to a=11.7 degrees. By Figure 10, this corresponds 
to A—x=1.4x10-. Also w=0.705 Ibs/ft for cable 
No. 2 We get therefore 


T, = wh + 3000 ( 


min. 


Thus, according to this calculation the tension in 
this example rises at the extremely rapid rate of 
3000 lbs/min. We note also that the rate of tension 
rise is here independent of the depth h. 


0.4 0.016 
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Figure 10. Variation of x and \ with the critical angle. 


Figure 11. Cable geometry at a time ¢ after the onset of 
negative slack. 


In the model which has been postulated, the cable 
is inextensible; that is, it is assumed not to stretch 
under load. One might suspect that the effect of 
cable extensibility in the present example is im- 
portant. The original paper makes an account for 
this effect by assuming an additional cable length 
corresponding to the stretching. The analytic treat- 
ment considers the effect of this extensile rigidity. 

For conventional helically armored cable, one 
cannot define a single extensile rigidity because of 
coupling between pulling and twisting. Thus, how 
such a cable extends under tension depends on how 


it is restrained from twisting at the ship and at the 
ocean bottom. The original paper considers the lim- 
iting cases of no restraint and complete restraint 
and, using data for cable No. 2, the example is modi- 
fied. Comparing with the inextensible computation, 
we see that the extensibility markedly reduces the 
rate of tension build-up. Nevertheless, even for the 
case of no restraint to twisting at a depth of 12,000 
feet the rise rate is a relatively high 120 Ilb/min. 
Hence, at least over a rough bottom, the tension 
would quickly indicate the onset of negative slack, 
although the sensitivity of this indication would de- 
crease with increasing depth. 


Approximate Solution for Cable Recovery 


Figure 8 illustrates how cable is in present prac- 
tice recovered from the ocean bottom. The cable is 
in front of the ship as it is brought in over the bow, 
and the ship pulls itself along the cable. In this 
process the cable tends to guide or lead the ship 
directly over its resting place on the ocean bottom. 

It is clear that during recovery by this procedure 
the tension at the ocean bottom is not zero and the 
cable configuration is not a straight line. Further- 
more, in this situation the normal component of the 
water drag force Dy, pushes down on the cable in- 
stead of buoying it up as in the case of laying. This 
in turn implies a higher tension at the ship during 
recovery than during laying. 

Employing the simplification that the tangential 
drag is negligible, the original paper develops the 
result for the tension at the cable ship shown in 
Figure 12. The tension factor shows the multiple of 
the tension for the straight-line laying case. The 
critical angle a is related to the ship speed and 
hydrodynamic constant of the cable as previously 
discussed. 


@ IN DEGREES 


Figure 12. Variation of the tension factor for recovery with 
the critical angle a. 


To illustrate the smallness of the error of neglect- 
ing the tangential drag force the approximate and 
exact curves of tension factor are plotted in Figure 
13. The hydrodynamic constant of cable No. 2 is 
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Figure 13. Variation of exact and approximate tension fac- 
tors for recovery of cable No. 2. 


used; the abscissa is changed to ship velocity. The 
dotted curves come from the approximate solution 
presented in Figure 12. The exact solution was ob- 
tained by using the drag force information of Figure 
6 in numerical integration of the general solution. 
The distance along the cable S and the horizontal 
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Figure 14. Variation of the horizontal distance to the 
touchdown point during recovery with the critical angle. 
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Figure 15. Variation of the distance along the cable to the 
touchdown point during recovery with the critical angle a. 
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distance X from the touchdown point to the ship 
cannot be expressed in a simple form as in the case 
of laying. However, they can be obtained by num- 
erical integration. The results of this computation 
for D;=0 are shown in Figure 14 and 15. 

How Figure 12, 14 and 15 can be used is illu- 
strated in the following example. 

Example: A cable weighing 0.7 lb/ft in sea water 
and having a hydrodynamic constant H of 70 degree- 
knots, is to be picked up from a depth of two thou- 
sand fathoms. If the ship speed is one knot what is 
the cable tension at the ship for surface angles a, of 
40°, 60°, and 90°? How far in front of the ship and 
how far along the cable will the touchdown point be 
for these values of a,? 

An H value of 70 degree-knots together with a 
ship velocity for one knot yields «,=70 degrees. Fig- 
ure 4 yields in turn a=60 degrees. Entering Figure 
12 with this value of a, we can obtain T./wh. In this 
example the wh tension for a depth of two thousand 
fathoms is 8,400 Ib, and hence the values of T./wh 
and T, are as follows: 


T,/wh 

40° 4.85 40,700 lbs 
60° 2.58 21,700 Ibs 
90° 1.53 12,900 Ibs 


From Figure 14 we get in turn for the horizontal 
distance from the ship to the touchdown point. 


a, X/k xX 
40° 2.65 5300 fathoms 
60° 1.56 3120 fathoms 
90° 0.66 1320 fathoms 


Finally, from Figure 15 we get for the distance 
along the cable to the touchdown point 


a, S/h Ss 
40° 2.88 5760 fathoms 
60° 1.95 3900 fathoms 
90° 1.33 2660 fathoms 


Shea’s Alternative Recovery Procedure 


The high tensions which result in the usual recov- 
ery operation require slow ship speeds of the order 
of one knot or less if the cable is not to be broken. 
One wonders if it is possible to mitigate these ten- 
sions and thus speed the recovery process. J. F. 
Shea discovered that this can theoretically be done 
by allowing «, to exceed 90°, thus establishing the 
straightline configuration (Figure 16). As in laying, 
the normal drag forces in this scheme support the 
cable, rather than push down on it as in conven- 
tional recovery. However, in contrast to the laying 
situation we have V;=V.+V cos a. Thus V; is the 
sum of V, and V cos a instead of their difference and 
D, is not necessarily negligible. Furthermore, the 
direction of Dy, is now such as to increase rather 
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than decrease the tension over the wh value. Hence, 
a summation of forces along the cable yields Ts= 
wh-+D,L, and the tension at the ship can be con- 
siderably higher than wh. A curve of T, as a func- 
tion of ship speed for cable No. 2 is shown in Figure 
13 with the label “Shea’s recovery method.” This 
has been computed for the case of haul-in speed 
equal to ship speed. It is seen that the tensions com- 
puted for this method of recovery, at least for the 
cable No. 2, are nevertheless considerably smaller 
than those which occur in the usual recovery pro- 
cedure. It would seem that the straight-line recovery 
technique could fruitfully bear further examination, 
especially for application to the recovery of long 
stretches of cable. 


PROPOSED 
BY SHEA 


EFFECTS OF SHIP MOTIONS 


Tensions Caused by Ship Motions 


In the basic stationary model a perfectly calm sea 
is postulated. However, in reality, wave action gives 
rise to a random motion of the ship which in turn 
induces variations in cable tensions around those 
corresponding to the basic model. 

To analyze this effect, we assume that the mean 
forward velocity of the ship and the mean pay-out 
or haul-in rate are constant and that the mean ten- 
sion at the ship and the mean direction of the cable 
as it enters water are those given by the stationary 
model. In a reference frame moving with the mean 
velocity, we resolve the ship displacement into a 
longitudinal component P, (Figure 17) along the 
mean or stationary direction and a transverse com- 
ponent Q, perpendicular to the stationary direction. 


Figure 17. Longitudinal and transverse components P,, and 
Q,, of the ship displacement. 


Intuitively, one might expect the tensions caused 
by the transverse displacement Q, to be negligible 
compared to those caused by the longitudinal dis- 
placement P,. An analysis we have carried through 
in fact yields this conclusion. Because of its com- 
plexity and length, this analysis and the model upon 
which it is based are given in Appendix D. The re- 
sults for the case of harmonic variation of Q, with 
time indicate, at least for cable No. 2, that the ten- 


sion associated with the transverse component Q, 
is indeed negligible for all except ship motions so 
extreme as to rarely occur. 


In addition, this analysis indicates that for the 
transverse disturbance Q,, the amplitude of the re- 
sponding transverse cable motion decreases expon- 
entially after the cable enters the water because of 
the damping action of the water drag forces. The 
“half-life” distance for cable No. 2, that is, the dis- 
tance along the cable at which the amplitude of a 
harmonic transverse motion is damped to one-half 
its surface value, is plotted in Figure 18 as a func- 
tion of the period of the motion for various depths h 
and ship velocities V. The striking feature of these 
figures is the rapidity of this damping. The analysis 
thus shows for cable No. 2 that the eflect of a trans- 
verse disturbance penetrates only a short distance 
into the water. 
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PERIOD OF TRANSVERSE SHIP MOTION IN SECONDS 


Figure 18. Variation of half-life distance of cable No. 2 
with the period of ship motion. 


As far as cable tensions are concerned, the im- 
portant ship displacement then is the longitudinal 
component P,, directed along the stationary direc- 
tion of the cable. The analysis of Appendix D leads 
to the basic one-dimensional wave equation for the 
description of the longitudinal motion. The applica- 
tion of this result requires information or bounds on 
the extensile rigidity. Again the original paper con- 
siders the limiting cases of no restraint and com- 
plete to twisting during pulling. An example illu- 
strates the results obtained for the additional 
tension due to ship motion. 

In this example we have considered a regular sea- 
way, something which does not exist in nature. Re- 
cent work in the application of the theory of 
stochastic processes to the study of ocean waves and 
ship dynamics promises to develop into a realistic 
description of the behavior of ships at sea. When 
such a description becomes available, we shall be 
able to obtain a better estimate of the magnitudes 
of ship motion tensions. 
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As far as data presently available are concerned, 
the maximum storm condition vertical velocity at 
the bow or stern recorded by the U.S.S. San Fran- 
cisco during her research voyage of 1934 was 22 
feet/sec. Since this ship was roughly the size of a 
cable ship such as the H.M.S. Monarch, this figure 
might indicate the order of the maximum velocities 
to be expected in cable practice. In terms of our 
example, for six knot laying this vertical velocity 
would imply 

T,=980 lbs (twist unrestrained) , 
=1,780 lbs (twist restrained). 


For recovery at a surface incidence angle of 60°, it 
would imply in turn 
T,=4,200 Ib (twist unrestrained) , 
=7,600 Ib (twist restrained). 
However, it is to be cautioned that these numbers 
are merely indicative and might differ considerably 
from those which occur on a particular cable ship. 


During recovery by conventional methods the 
surface incidence angle a, is in general much larger 
than that which occurs during laying. The example 
points up that one can expect correspondingly larger 
ship motion tensions during recovery than during 
laying in the same sort of seas. Since the stationary 
tensions are also much larger during recovery, re- 
covery is the condition for which the strength of the 
cable should be designed. 


A second example illustrates the initial tension 
increase due to brake seizure. The tension would 
continue to increase until the situation changed by 
cable rupture, brake release, or ship motion. 


V. DEVIATIONS FROM A HORIZONTAL BOTTOM 


Kinematics of Laying Over a Bottom of 
Varying Depth 


Ocean bottom topography is not everywhere flat 
and horizontal as postulated in the basic model. In 
the Mid-Atlantic ridge, for example, there exist bot- 
tom slopes of thirty or forty degrees. In other places 
submarine canyons with almost vertical sides have 
been found. Furthermore, where the bottom is 
steepest it is most likely to be rocky and craggy 
since erosion tends to smooth out a sandy or muddy 
bottom. Therefore, it is important to know how the 
cable should be paid out to cover a bottom of vary- 
ing depth. To help determine this, we extend here 
the stationary model to the case of a non-horizontal 
bottom. 

We indicated that if the cable tension at the touch- 
down point is zero the configuration according to 
the basic model is a straight line, regardless of how 
the cable is paid out. If the cable is paid out with 
slack with respect to the bottom, the zero touch- 
down tension condition is fulfilled. Hence, under the 
proper slack pay-out, the cable geometry and, as we 
shall see, the cable kinematics are particularly 
simple. 

Essentially, we must consider two deviations from 
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the horizontal bottom, namely, downhill or descent 
laying and uphill or ascent laying. We consider 
these situations in turn, confining ourselves to bot- 
toms of constant slope since any bottom contour can 
be approximated by straight-line segments. 

To cover a descending bottom, the cable pay-out 
rate must exceed the ship speed, Figure 19(a). To 
cover an ascending bottom, the angle of incidence « 
of the cable, which as we have seen depends only 
on the ship speed must exceed the ascent angle y, 


(8) DESCENT 


(b) ascent(a> 7) 


_— —> 


(c) ascent (7 >a) 


Figure 19. Cable geometry during straight-line descent 
and ascent laying. 


Figure 19(b). Otherwise, the situation shown in 
Figure 19(c) develops. Hence the critical parame- 
ters are pay-out speed and ship speed. 


The result derived in the original paper for the 
descending bottom case is 


H 
V.-V= 
Thus, the increment in required pay-out rate is es- 
sentially a function only of the descent angle 8 and 
is independent of ship speed. 

In the case of an ascending bottom for which 
«a > y, Figure 19(b), positive bottom slack may be 
obtained with a pay-out of less than the ship speed. 
The allowable decrement in pay-out rate is given by 

that is, the same as the required increment for as- 
cent laying. 

The only way to avoid the situation shown in 
Figure 19(c) where a < y is to sail slowly enough 
to maintain an incidence angle a greater than the 
angle of rise y. For most laying speeds aV ~ H. 
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With good accuracy the condition a > y thus implies 


Therefore, for a given rise y the limiting ship 
speed is simply H/y. 


Time-Wise Variation of the Mean Tension in Laying 
Over a Bottom of Varying Depth. 


In the cases where the cable is paid out with ex- 
cess onto a bottom of constant slope, the variation 
of the mean tension at the ship with time can be 
easily computed from formulas derived in the orig- 
inal paper. A nomograph giving a rough estimate of 
the rise of mean tension with time when a cable 
becomes completely suspended is also derived and 
presented. These relations assist in understanding 
the subject but the author later illustrates that the 
changes in tension are not a sensitive reflection for 
control of how the cable covers the bottom. 


Residual Suspensions 

If the cable is not paid out rapidly enough, or if 
the ship speed is excessive, the cable will be left 
with residual suspensions after it has been laid. To 
get an idea of the possible magnitudes of the ten- 
sions accompanying these suspensions, the author 
considers some numerical examples. In each case 
the conclusion is that long residual suspensions can 
occur with essentially no manifestation at the ship, 
especially in deep water. 


VI. CABLE LAYING CONTROL 
General 


We have seen that the mean cable tension at the 
ship reflects the amount of slack which is being paid 
out and how the cable is covering the bottom. How- 
ever, in most cases this reflection is not sensitive. 
Thus, to measure slack accurately by relating it to 
cable tensions one would have to know the depth 
and cable parameters very precisely and, in addi- 
tion, would need a very efficient filter to separate 
out the “noise” tension caused by ship motion. 

Similarly, it has been shown that residual suspen- 
sions can occur with essentially no reflection in the 
tension readings at the ship. Hence, although ten- 
sion readings can give a valuable check on how the 
cable is covering the bottom, it would seem difficult 
for them to provide exact enough data for the con- 
trol of cable laying. 

At the same time we have seen that if the bottom 
contour is known in advance, then for a given ship 
speed one can compute the required cable pay-out 
rate. Also with foreknowledge of the bottom, one 
can anticipate steep bottom ascents and decrease the 
ship speed accordingly. Such a purely kinematic at- 
tack on the cable laying problem would seem more 
fruitful than an attack which depends on measure- 
ments of shipboard cable tensions. 

Possibly the simplest way of measuring the bot- 
tom contour is by means of a fathometer located at 
the ship. Since the cable ship is normally far for- 


ward of the touchdown point of the cable, one could 
in theory obtain in this manner the required ad- 
vance knowledge of the contour. In present practice, 
a taut piano wire is used to obtain the ground speed 
of the ship. 


Accuracy of the Piano Wire Technique 


The taut wire is laid simultaneously with the 
cable, but under a constant mean shipboard tension. 
If the bottom is perfectly horizontal, the speed of 
the wire coincides with the ground speed of the 
ship. However, when the bottom depth is variable 
and the wire is laid up and down hill, the wire’s 
pay-out speed deviates from the ship speed. The 
error in the ship speed which is indicated by the 
wire is just equal to the slack with which the wire 
is paid out. This slack, which may be positive or 
negative, can in turn be estimated by the methods 
of the previous sections. 

The results derived in the original paper are pre- 
sented in Figure 20 for 12-gauge piano wire. It is 
seen from Figure 20 that for the usual small ascent 
or descent angles, the piano-wire technique is quite 
accurate, while for large bottom slopes it can be 
considerably in error. 


(a) (b) 


a 


DESCENT LAYING “At ASCENT LAYING 
\ 


\e-LIMITING LINE 7 

€ 2 4 6 3 10 ° 2 4 5 

SHIP SPEED IN KNOTS 

Figure 20. Error during descent and ascent laying of 12- 

gauge piano wire. 


PER CENT ERROR IN INDICATED 
GROUND SPEED 


VII. THREE-DIMENSIONAL STATIONARY MODEL 
General 


Thus far we have assumed that the cable lies en- 
tirely in the plane formed by the ship’s velocity 
vector and the gravity vector. Because of the sym- 
metry of the cable cross-section, this assumption 
seems reasonable. However, in certain cases, as for 
example in the presence of ocean cross-currents, the 
assumption of a planar configuration is clearly un- 
tenable. We consider therefore the case where the 
cable configuration is not necessarily planar but is 
still time independent with respect to a reference 
frame translating with the constant velocity of the 
ship. In analogy with previous terminology, we call 
this the three-dimensional stationary model. The 
governing differential equations for this model are 
developed in the original paper. 

The first general result presented is that if at the 
bottom the tension is zero, then the tension at the 
ship is essentially wh, regardless of the nature of 
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LAYING AND RECOVERY OF SUBMARINE CABLE 
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the normal drag forces. Since in most laying situa- 
tions for present cables, the tangential drag force 
can be reasonably neglected, this fact provides a 
convenient over-all check on the laying process. 
That is, if the cable is being laid with excess, the 
tension at the ship for any stationary cable config- 
uration, planar or non-planar, should be essentially 
wh. Any marked increase of tension over the wh 
value necessarily means the bottom tension is non- 
zero and insufficient cable is being paid out. 

The second important result is derived in Appen- 
dix F. This result is that if the bottom ocean layer 
in our model is devoid of cross currents, and if the 
bottom tension is zero, then, for the boundary condi- 
tions which are normally observed, the cable config- 
uration in the bottom layer is a straight line. Furth- 
er, this straight line is in the plane formed by the 
ship’s velocity vector V and the gravity vector. 
Hence, for example, in laying with excess in a sea 
which contains surface currents, the cable configura- 


tion in the lower, current-free portion will be a 
straight line in a vertical plane parallel to the re- 
sultant velocity of the ship. The laid cable will be 
parallel to the ship’s path, but displaced a certain 
distance from it. Thus, because the lower portion is 
a straight line, our previous results about the kine- 
matics of straight-line laying still apply. Only they 
now are pertinent to the displaced bottom contour 
rather than to the contour which lies directly be- 
neath the ship. 

The final section of the original paper presents 
curves in dimensionless form and an example of 
their use for determining the offset and distance be- 
hind the ship at which the cable enters this lower 
straight line domain. 


The reader is reminded that this paper has been 
abstracted and reference should be made to the 
original paper for a more complete presentation. In 
addition, the author presents references and appen- 
dices A through F mentioned in the text above. 


Illustrative of progress in gas turbine engineering, the Trans-Arabian 
Oil Company has placed into operation six crude oil pipeline pumping 
units, each driven by 5000 horsepower General Electric gas turbines. The 
turbines are designed to be fueled with crude, oil taken directly from the 


pipeline; to be operated continuously at rated power at an ambient tem- 


perature of 110° F. and an elevation of 2600 feet; and to operate unat- o 

tended. The last requirement is indicative of the reliability expected. ~s 

—from Mechanical Engineering, April 1958 ou 

ro: 

fai 

A series of power transistors has been announced by the Westinghouse - 

Electric Corporation. Made possible by the use of high purity silicon and " 

new fabrication techniques, the units can be used for power switching sir 
t 

operations with losses as low as 0.5 per cent. One type of n-p-n fused- a 

junction transistor can handle power up to | K.W. with current loads of F 

2-5 amperes. A larger type can handle 3 K.W. under current loads of es 

10-20 amperes at voltages up to 150 volts. rol 
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INTRODUCTION 


ee cracking is unique in that the 
corrosive media may be mild and the stress level 
low, but the combination frequently results in seri- 
ous damage. 

Failure as a result of the action of stress and cor- 
rosion is only one of the several types of corrosive 
failures. Other types of corrosion failures may be 
classified as follows: 


General Corrosion: 

During exposure, the entire surface is attacked 
simultaneously or the more anodic areas are at- 
tacked first and all areas are eventually attacked. 
Pitting: 

Frequently the corrosive action is selective in that 
the action is concentrated at sensitive areas. Ex- 
amples of these sensitive areas are inclusions, and 
rolled-in scale. These areas become important when 
the surface has become roughened by abrasion. 


General Intergranular Corrosion: 

This type of corrosion results when the grain 
boundary constituents are more highly susceptible 
to the corrosive agent than the grains themselves. 
In general, an ideal path for this type of corrosion 
results from the precipitation of carbides and other 


foreign matter in the grain boundaries during solidi- 
fication. 
This unique team of stress corrosion may take 
one of two forms: 
a) Stress-Corrosion: Corrosion combined with 
static tensile stresses. 
b) Corrosion Fatigue: Corrosion combined with 
cyclic stresses. This paper is concerned with stress- 
corrosion only. 
In order for stress-corrosion cracking to occur, it 
is necessary to have tensile stresses at the surface. 
These stresses may be either locked-in stresses, ap- 
plied stresses or both; the two types being additive 
to obtain the threshold value necessary for stress- 
corrosion. 
Stress-corrosion cracking has been defined as the 
combination of static tensile stresses and corrosion 
which results in cracking. The factors governing 
stress-corrosion cracking are: 
a) Magnitude of the stress 
b) The nature of the environment 
c) The exposure time 
These are not independent variables, but depend- 
ent variables, one accelerating the action of the 
other. 
Welding, by its very nature, produces highly 
localized stress concentrations; particularly in the 
heat-affected zone of a weldment. Stress levels in a 
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structure may vary from point to point within the 
structure, such as that which occurs in a beam. Such 
stress distribution is usually expected. The presence 
of highly localized stress concentrations in a weld- 
ment presents a more unstable stress picture than 
that found in unwelded structures and hence a 
weldment is more susceptible to stress-corrosion 
cracking. In addition, stresses resulting from the 
following contribute to highly localized stress con- 
centrations: 


a) Deformation during cold work 

b) Unequal cooling from high temperatures 

c) Internal structural rearrangement involving 

volume change 

Tensile stresses of near yield point value are gen- 
erally present in stress-corrosion failures. However, 
failures have been known to occur at much lower 
stress levels. 

Time of exposure to produce failure is not a pre- 
dictable variable. There are many cases on record 
where multiple specimens have been tested; 40% of 
these have failed in a short time, the remainder 
have remained sound for long periods of time. 


The nature of the environment has been con- 
sidered somewhat of a predictable variable. For 
each metal system subject to this phenomenon (and 
there are few exceptions) specific environments are 
required to produce failures. Recently, this picture 
has been altered when the temperature of the en- 
vironment was considered. Metal systems operating 
in specific environments previously considered im- 
mune to this type of failure have failed by this 
mechanism when the temperature of the media was 
altered slightly. 


STRESS-CORROSION IN FERROUS ALLOYS 


Caustic Embrittlement: 

This type of cracking is associated with the pres- 
ence of sodium hydroxide in boilers, hence the name 
caustic embrittlement. This type of cracking is pre- 
dominantly intergranular. However, there are other 
paths along which cracking may proceed. A typical 
example of caustic embrittlement is shown in Fig- 
ure (1). 


Stress-Corrosion Cracking of Iron: 

In addition to caustic embrittlement, iron and 
steel alloys are subject to stress-corrosion cracking 
in nitrate solutions, particularly those of calcium 
and ammonia. Failures of this nature are generally 
intergranular. 


Stress-Corrosion of Stainless Steels: 

Austenitic stainless steels are generally suscepti- 
ble to stress-corrosion when exposed to corrosive 
media of relatively high chloride content. Oxygen 
appears to be a strong accelerator of stress-corro- 
sion in hot water environments. Austenitic stainless 
steels also appear to be susceptible to stress-corro- 
sion when alternately exposed to the steam phase 
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Figure 1. Intergranular Failure by Caustic Embrittlement. 


Figure 2. Transgranular Stress Corrosion Failures in Aus- 
tenitic Stainless Steel. 
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STRESS CORROSION CRACKING 


and liquid phase of chloride bearing water. The path 
of cracking in stainless steels is usually transgranu- 
lar. Figure (2) shows a typical stress-corrosion 
failure in stainless steel. 


STRESS-CORROSION IN NON-FERROUS ALLOYS 


Designers and fabricators have long been familiar 
with the most common type of stress-corrosion fail- 
ures in brasses, “Season cracking,” so called because 
of its resemblance to the cracking observed in sea- 
soned wood. Exposure of copper base alloys in most 
ammoniacal environments has been considered to be 
necessary to cause cracking, although oxygen and 
carbon dioxide have a contributing effect. Cracking 
occurs rapidly in contaminating atmospheres, but 
there are records of cracking in apparently normal 
indoor and outdoor atmospheres. 

Zinc brasses appear to be the most susceptible to 
this type of failures, the probability of failure in- 
creasing with increasing zinc content. Other copper 
alloys, such as aluminum bronze and silicon bronze, 
have been considered to have little tendency to fail 
in this manner although these materials have been 
known to fail by stress-corrosion. 


Recent failures in heat exchangers fabricated 
from aluminum bronze and silicon bronze indicate 
that these materials become susceptible to stress- 
corrosion failures when fabricated by welding. 


TESTS FOR STRESS-CORROSION CRACKING 


Many tests have been devised to study the su- 
sceptibility of a material to stress-corrosion crack- 
ing. In all these tests two factors must be considered, 
namely, the type of specimen and the nature of the 
environment. The type of specimen in general gov- 
erns the degree of applied stress and hence stress 
may be applied in a variety of ways. The load may 
be applied directly through a lever or by means of 
a spring. Weights may be hung on the specimen to 
produce bending, or, bending stresses may be ap- 
plied through “U” bend or “C” bend specimens as 
shown in Figure (3). 

Flat tubes and welded specimens have been used 
also. The most commonly used type is the “U” bend 
specimen. 

Laboratory tests conducted in this manner are 
useful in determining the relative susceptibility of 
several materials to stress-corrosion cracking in 
various media. However, exact correlation should 
not be expected because service conditions are fre- 
quently complex. Weldments which usually contain 
high local stress concentrations resulting from the 
combination of restraint in the assembly and from 
thermal gradients during cooling are excellent ex- 
amples. 

For many years the standard test detecting the 
susceptibility to stress-corrosion was immersion in 
a 1% solution of mercurous nitrate containing 1% 
concentrated nitric acid. More recently the ammonia 
vapor test has gained favor in detecting the suscepti- 
bility of stress-corrosion cracking. 


R=2 TOGxT 


U-BEND SPECIMEN 
TIE ROD TO PREVENT 
SPRINGBACK 


Figure 3. Typical Stress Corrosion Test Specimen. 


LABORATORY INVESTIGATIONS 


Cracking in Naval Brass Evaporators: 

The Engineering Experiment Station’s first ex- 
periment with stress-corrosion cracking in copper 
base weldments was in 1941. This failure concerned 
the failure of evaporators fabricated from Naval 
brass during their installation on two battleships. 
These evaporator shells were cylinders approxi- 
mately 6 feet long and 6 feet in diameter made of 
5/16 inch thick half-hard Naval brass. These shells 
were fabricated using phosphor-bronze electrodes 
and had been in storage for approximately 18 
months prior to installation. On completion of the 
installation, these units were hydrostatically tested. 
This test revealed the presence of cracks in regions 


> 


? 
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Evaporator Shells. 
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Figure 5. Stiff-Frame Assembly Used for Stress Corrosion Studies. 


Yam OF BRACKET str 


546 A.S.N.E. Journal, August 1958 


a 
tk 
tk 
di 
di 
ul 
tk 
th 
as 
fr 
A = cl 
=== END #2 a’ 
| 
| la 
Te 
| th 
| th 
4 ») di 
tri 
su 
ZI AA J 
, oc 
tic 
in’ 
Section -.Y-7 
th 
| we 
we 4 str 
for 
ass 
an 
(8 
str 


25. 


PHEBUS 


STRESS CORROSION CRACKING 


adjacent the welds joining the brackets supporting 
the tube bundles to the shell. The investigation of 
these failures had the following objectives: (2) To 
determine the cause of the cracks and (b), In the 
event these cracks were attributed to welding, to 
develop preventive methods. 


Metallographic examination of these failures, Fig- 
ure (4), revealed intergranular cracks having the 
earmarks of a stress-corrosion failures. Based on 
this examination, it was decided to investigate the 
stress development that could be expected during 
the fabrication of these failed heat exchangers. 

This investigation pioneered the use of stiff-frame 
assemblies in studying stress-corrosion. The stiff- 
frame above is shown in Figure (5) and consisted of 
the following basic parts: (a) A series of supporting 
ribs, (b) A heavy strong back, (c) A large sheet of 
Naval brass. A grid was scribed on the large sheet 
of Naval brass after welding to the frame. A brass 
clip was welded to the plate in simulation of those 
welded to the evaporator shell to support the tube 
bundles. Residual stress values were determined by 
the relaxation method; the maximum stress was 
computed to be approximately 9,000 psi perpendicu- 
lar to the director of welding. Replicas of the failed 
shells 3 feet in diameter and 3 feet long are made. 
To these shells brackets were welded, simulating 
the original design. These weldments were tested in 
mercurous nitrate solution in the “as welded” con- 
dition. The “as welded” replicas failed under this 
test. Hence, the failure of these evaporators was at- 
tributed to stress-corrosion cracking. 

The preventive methods employed to reduce the 
susceptibility to stress-corrosion will be discussed in 
later sections of this paper. 


Cracking in Aluminum Bronze: 

Recently a failure occurred in a distilling unit 
fabricated from 90-0 aluminum bronze. This failure 
occurred after a relatively short service life, ap- 
proximately 1,000 hours. Metallographic examina- 
tion of this failure indicated that the failure was 
intergranular in nature and typical of stress-corro- 
sion cracking. Typical failures in this unit are shown 
in Figure (6). 

Again a stiff-frame type assembly was employed 
to verify the nature of this failure. The design of 
the stiff-frame used in this investigation is shown 
in Figure (7). The basic components of this assem- 
bly are as follows: (a) A hollow steel frame and 
(b) Two sheets of 90-10 aluminum bronze butt 
welded using the inert-gas metal are process. The 
stress level in this assembly were determined by 
the use of SR-4 strain gages and measuring the 
strain upon relaxation. 

The stress level computed by this method was 
found to be approximately 30,000 psi. A duplicate 
assembly was partially immersed in 25% NH,OH 
and cracking was observed after 24 hours, Figure 
(8). The failure of this assembly was attributed to 
stress-corrosion cracking. 


Figure 6. Failures in Aluminum Bronze Distilling Units. 
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Figure 7. Stiff-Frame Assembly Used For Stress Corrosion 


Studies. 
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Cracking of Copper-Nickel Alloys: 

There is little information regarding stress-corro- 
sion cracking in copper-nickel alloys. Yet there is 
some evidence that copper-nickel does fail in this 


a 


Figure 8. As Welded Stiff-Frame Assembly After 24 Hours 
in 25% NH,OH. 


manner where embrittling impurities are present. 
Also, there is evidence of stress-corrosion in these 
alloys after heavy cold work and exposure to mer- 
curous nitrate. 


Prevention of Stress-Corrosion Cracking: 


The most obvious means of preventing stress-cor- 
rosion cracking are the reduction of the excess ten- 
sile stresses or the removal of the corrosive agent. 
The latter is not always possible inasmuch as the 
weldment must perform satisfactorily under service 
conditions; therefore, the reduction of the excess 
tensile stresses must be considered. 

Immediately one thinks of a stres-relieving heat 
treatment, but what temperature should be em- 
ployed? Let us look for a moment at the effect of 
annealing upon copper. Three phenomena occur as 
an effect of temperature, namely: 


Recovery—In this zone we see no changes 
in the mechanicai properties or internal struc- 
ture of the material. However, the internal 
stresses are reduced by heat treatment in this 
region. 


Recrystallization—In this region the in- 
ternal stresses are entirely removed, but we 
also have a reduction of the mechanical prop- 
erties and a change in the internal structure. 

Grain Growth—During heating in this re- 
gion the internal stresses are non-existent, 
there is a slight decrease in the mechanical 
properties and a change in the internal struc- 
ture. 
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The above is shown schematically in Figure (9). 

Another factor also may be considered and this is 
prior history; for example, the degree of cold work. 
Variation in cold work will vary the temperature 
ranges of three effects of heat treatment. This is 
demonstrated in Figure (10). 


Based on the above theoretical considerations, 
reoccurance of the failures observed in the Naval 
brass and aluminum bronze distilling units may be 
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Figure 9. Schematic Representation of Recovery, Recrystal- 
lization and Grain Growth (Sachs and Van Horn). 
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THE DECREASE IN HARDNESS PRODUCED BY THE ANNEALING OF COPPER 
SHEET THAT PREVIOUSLY RECEIVED DIFFERENT REDUCTIONS BY ROLLING. (Koester) 


Figure 10. The Decrease in Hardness Produced by the An- 
nealing that had Previously Been Cold Rolled (Koester). 
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Figure 11. Schematic Representation of Test Specimen to 
Determine Suitable Post Welding Anneal. 


prevented by the application of post welding an- 
neals to reduce the internal stresses to a value below 
the threshold for stress-corrosion cracking. 

Inasmuch as the amount of prior strain and the 
exact recrystallization temperature of the materials 
were unknown, the following method was employed 
to obtain the correct heat treating temperature. 


Several samples of sheet stock rectangular cross- 
section were placed on supports simulating a freely- 
suspended beam. These specimens were centrally 
loaded to develop a maximum fiber stress of 2,000 
psi for Naval brass and 4,000 spi for aluminum 
bronze. This test set-up, as shown in Figure (11), 
was placed in a furnace and subjected to various 
heat treatments. After cooling to room temperature, 
the test set-up was removed from the furnace and 
the load removed. After removal of the load the 
deflection of the beam was measured. The heat 
treatment after which the beam maintained deflec- 
tion was considered to have reduced the stresses be- 
low that which had been applied. 

From the above procedure the stress relieving 
temperatures were 750°F for the Naval brass unit 
and 900°F for the aluminum bronze unit. To sub- 
stantiate these post welding heat treatments, addi- 
tional test assemblies were fabricated, heat treated 


as above, and subjected to corrosive environments 
designed to exhibit stress-corrosion cracking. The 
failure to observe cracking in these assemblies indi- 
cated the success of the selected post welding an- 
neals to minimize stress-corrosion in these materials. 


SUMMARY 


Stress-corrosion has been observed in almost all 
metal systems. For each metal system specific en- 
vironments are required. However, no evidence of 
stress-corrosion cracking has been observed in a 
vacuum. For most metal systems, stress-corrosion 
cracking is intergranular in nature. However, there 
are systems in which the failure is transgranular, as 
for example, stainless steel. 

Failures by stress-corrosion may be reduced by 
intelligent design, and by the reduction, where pos- 
sible, of internal stresses. The most satisfactory tech- 
nique to accomplish this is a post-fabricating anneal. 
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THE UNITED STATES NAVY 
GUARDIAN OF OUR COUNTRY 


The United States Navy is responsible for maintaining control of the sea 
and is a ready force on watch at home and overseas, capable of strong 
action to preserve the peace or of instant offensive action to win in war. 


It is upon the maintenance of this control that our country's glorious future 
depends; the United States Navy exists to make it so. 


WE SERVE WITH HONOR 


Tradition, valor, and victory are the Navy's heritage from the past. To 
these may be added dedication, discipline, and vigilance as the watch- 
words of the present and the future. 


At home or on distant stations we serve with pride, confident in the re- 
spect of our country, our shipmates, and our families. 


Our responsibilities sober us; our adversities strengthen us. 
Service to God and Country is our special privilege. We serve with honor. 


THE FUTURE OF THE NAVY 


The Navy will always employ new weapons, new techniques, and greater 
power to protect and defend the United States on the sea, under the sea, 
and in the air. 


Now and in the future, control of the sea gives the United States her 
greatest advantage for the maintenance of peace and for victory in war. 


Mobility, surprise, dispersal, and offensive power are the keynotes of the 
new Navy. The roots of the Navy lie in a strong belief in the future, in 
continued dedication to our tasks, and in reflection on our heritage from 
the past. 


Never have our opportunities and our responsibilities been greater. 
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HISTORY 


On: of the most important accessories in the field 
of welding is the cable which conducts the electrical 
current from the power source to the welding head 
or electrode holder. This cable must be tough and 
durable, must be capable of carrying electrical cur- 
rents of high magnitude, and must be extremely 
flexible to permit easy manipulation of the electrode. 
The various natural and synthetic elastomeric 
jackets in use today provide protection to the cable 
against a wide range of mechanical and chemical 
abuse. Conductor sizes are varied according to the 
current carrying requirements. The needed flexi- 
bility is accomplished by building the conductor of 
a large number of very small bare strands or wires. 

Until about 5 years ago, almost all welding cable 
was made with copper conductors. The good flex life 
and high electrical conductivity of copper made it 
ideally suited to welding cable use. The excessive 
weight of copper cable, however, has always been a 
problem in manual arc welding, contributing greatly 
to operator fatigue and reduced efficiency, and 
where long leads are used it is often necessary to 
provide a welder with additional help while moving 
or transporting the welding lead. 

Although aluminum has been used extensively as 
an electrical conductor in bare overhead transmis- 
sion lines for nearly sixty years, there was no 
significant production of insulated aluminum con- 
ductors in this country previous to the end of World 


War II. Shortly after World War II, however, vari- 
ous aluminum producers and cable manufacturers 
initiated research programs directed toward in- 
creasing the use of insulated aluminum conductors 
in the electrical field. This was a natural outgrowth 
of the ready availablity of aluminum, and its excel- 
lent electrical characteristics and low cost. These 
programs were further accelerated by an increas- 
ingly unstable copper market. Since weight is an 
important factor in manual are welding, it was 
natural that welding engineers, equipment suppliers 
and cable manufacturers should show increasing 
interest in light-weight welding cables made with 
aluminum conductors. After considerable develop- 
ment and testing, aluminum welding cable was in- 
troduced in limited quantities about five years ago, 
and has since shown a steady increase in usage. 


ELECTRICAL PROPERTIES 


Electrical-conductor grade aluminum (EC) has 
an electrical conductivity of 61-63% of the electrical 
conductivity by volume of the International An- 
nealed Copper Standard (IACS), which is the 
fourth highest electrical conductivity of the known 
metals and, among the nonprecious metals, is second 
only to copper. By weight, the electrical conductiv- 
ity of aluminum is some 200% of the conductivity 
of copper, giving aluminum the greatest conductiv- 
ity to weight ratio of any of the known metals. This 
means that an aluminum wire will have 61-63% of 
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the conductance of a copper wire of the same length 
and cross section, but will have twice the conduc- 
tance of a copper wire of the same length and 
weight. 

The temper of EC grade aluminum has only a 
small effect on the conductivity, the fully hard state 
being only about 2% (IACS) lower in conductivity 
than the fully annealed state. 

For equal electrical conductance and resistance, 
an aluminum conductor will be 1.6 times as large 
in cross-sectional area as a copper conductor. The 
diameter of the aluminum conductor, however, will 
be only 1.27 times as large as the copper diameter. 
The difference in cross-sectional areas is approxi- 
mately equal to two American Wire Gauge (AWG) 
sizes. 

This relationship makes possible a practical gen- 
eral rule for choosing aluminum conductors. Where 
the voltage drop must be similar to that of a spec- 
ified size of copper conductor, an aluminum con- 
ductor two AWG sizes larger should be selected 
(Table I). Because of the greater diameter and in- 
creased radiating surface, the aluminum conductor 
will have somewhat larger current-carrying capacity 
than the smaller copper conductor, and the alum- 
inum conductor itself will weigh only half as much. 
With the addition of the insulating jacket, the alum- 
inum welding cable will be at least 30% lighter than 
a copper welding cable two AWG sizes smaller. 

Size for size, aluminum welding cable can be con- 
sidered to have a current-carrying capacity of at 
least 78% of the current-carrying capacities listed 
for copper welding cables in the Insulated Power 
Cable Engineers Association (IPCEA) Specification 
S-19-81, Second Edition, February 1951, Section 
7.1.1. IPCEA is presently engaged in revising and 
expanding the above specification, and the new 
specification will include a section on aluminum 
welding cable as well as copper. At the time of this 
writing, Committee 16, the Committee on Current 
Ratings for Aluminum Cables, is considering rating 
aluminum welding cable at 78 to 84% of the current 
rating for copper cables, with possible minor varia- 
tions. 


PHYSICAL PROPERTIES 


Electrical-conductor grade aluminum has a spe- 
cific gravity of 2.70 as compared with 8.89 for cop- 
per, and weighs 169 lb per cubic foot as against 555 
Ib per cubic foot for copper (Table II). As applied 
to flexible welding-cable conductors, Size 2 AWG 
and Size 3/0 AWG aluminum welding-cable con- 
ductors weigh 64 lb per 1000 feet and 216 lb per 
1000 feet respectivly, compared with 162 lb per 1000 
feet and 542 lb per 1000 feet, respectively, for the 
same size copper welding-cable conductors. With a 
lighter-weight conductor, the overall weight of the 
cable is reduced resulting in less drag on the cable 
when it is moved and improving the abrasion life of 
the jacket. 

The tensile strength of semiannealed EC alum- 
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inum, which is normally used in welding cable, 
ranges from 15,000 to 22,000 psi and provides a con- 
ductor with adequate strength for all welding cable 
uses. 


TaBLeE I—Voltage Drop and Current-Carrying 
Capacity of Copper and Aluminum Welding Cables 


Approximately equal voltage drops 
Aluminum — 


Voltage Voltage 
AWG drop/100 AWG drop/100 
Amperes* size* ft* size ft 
75 6 3.58 4 3.68 
100 4 3.18 2 3.07 
150 3 3.70 1 3.65 
200 2 3.92 1/0 3.88 
250 1 3.88 2/0 3.82 
300 1/0 3.72 3/0 3.63 
375 2/0 3.68 4/0 3.60 
450 3/0 3.51 
550 4/0 3.41 
Approximately equal conductor temperature 
[——— Copper 1 Aluminum 
Voltage Voltage 
AWG drop/100 drop/100 
size* Amperes* ft* Amperes ft 
6 75 3.58 
4 100 3.18 80 3.90 
3 150 3.70 
2 200 3.92 155 4.76 
1 250 3.88 195 4.74 
1/0 300 3.72 235 4.76 
2/0 375 3.68 290 4.44 
3/0 450 pa | 350 4.23 
4/0 550 3.41 430 4.13 


*IPCEA General Specifications S-19-81, Second Edition, 
February 1951, Section 7.1.1. Based on 60° C conductor tem- 
perature, 40° C ambient temperature and load factors of 23 to 
32%. 


TasBLeE II—Physical Properties of Semiannealed 
Aluminum and Annealed Copper 


EC grade Annealed 
aluminum copper 
Specific gravity (20° C): 2.70 8.89 
Pounds per cubic foot 169 555 
Pounds per 1000 ft per cir- 
cular mil 0.00091 0.003 
Specific heat, calories /g/° C 0.226 0.092 
Melting point, ° C 657 1083 
Thermal expansion,in./in./°C 23.0 10° 16.4 10-* 
Tensile strength, psi 15,000-22,000 35,000-38,000 
Conductivity, % LACS 61 100 
Temperature coefficient of 
Res/° C 0.00403 0.00393 
Relative weight for equal 
conductance 0.498 1.000 
Relative conductor diameter 
for equal conductance 1.280 1.000 
Relative cross-sectional area 
for equal conductance 1.639 1.000 
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TasBLE III—Approximate Weights and Stranding of 
Aluminum and Copper Welding Cable 


Approx. no. of Approximate Approximate 

wires weight weight cable 
No. 30 No. 34 conductor rubber jacketed 

Size AWG AWG 1b/1000 ft 1b/1000 ft 

AWG Al Cu Al Cu Al Cu 
4 420 1064 40.2 136.2 99 216 
2 665 1666 64.2 216.4 133 309 
1 836 2107 80.8 274.2 164 388 


1/0 1064 2646 102.8 342.8 195 470 
2/0 1323 3325 128.5 430.1 235 585 
3/0 1666 4256 161.5 542.3 278 716 
4/0 2107 5320 203.7 679.4 341 887 


The specific heat of aluminum is 0.226 while that 
of copper is 0.092. Because copper weighs 3.3 times 
as much as aluminum, a copper conductor will store 
about 35% more heat than an aluminum conductor 
of the same cross-sectional area. With conductors of 
equal resistance, however, the aluminum conductor 
will have a larger volume and will store about 16% 
more heat than the copper conductor of the same 
resistance. Due to this heat storage ability, the in- 
sulation on an aluminum conductor is less likely to 
be damaged from excessive heat during overload 
conditions than would a similar insulation on a cop- 
per conductor of equal resistance. 

Flexibility tests preformed by the Underwriters’ 
Laboratories, Inc., on Size 12 AWG semiannealed 
aluminum and on Size 14 AWG annealed copper 
indicate that the semiannealed aluminum will stand 
about the same amount of repeated bending as the 
annealed copper. While this relationship may be 
true of solid conductors of the number 12 and 14 
AWG size, it does not hold true for larger flexible 
conductors made up of many small individual 
strands. In laboratory tests, copper welding cables 
have a higher flex life than aluminum. 

Laboratory flex and twist tests, at best, are incon- 
sistent and give only a very rough indication of the 
flex life of the cables under test. This is particularly 
true of welding cables. Since both copper and alum- 
inum welding cables have been designed for ex- 
ceptional flexibility and flex life, the flex tests are 
made extremely abusive in order to reduce testing 
time to the realms of practicability. The tests can- 
not duplicate service conditions, nor is there any 
direct correlation between laboratory results and 
cable life in service. It is inconceivable that a weld- 
ing cable could receive the destructive flexing in 
service that it receives in the laboratory tests. 

In the past it has been found to be impractical to 
process aluminum strands smaller than ten mils in 
diameter or No. 30 AWG, and most cable manufac- 
turers who are producing aluminum welding cable 
today have standardized on conductors which are 
made of Size 30 AWG strands. The revised IPCEA 
Specifications will call for No. 34 AWG (0.0063 in. 
diam) stranding for copper welding cable and No. 
30 AWG (0.0100 in. diam) stranding for aluminum 
welding cables. Table III shows the comparative 


number of strands in copper and in aluminum weld- 
ing cables. 

The larger number of smaller strands in copper 
welding cable is the primary reason for the greater 
flex life of copper welding cables. The No. 30 AWG 
stranding in aluminum welding cables, however, has 
been found to give a good combination of flexibility, 
fiex life and twist life, and these properties are con- 
stantly being improved through research and ap- 
plied technology. 

A considerable amount of work, for instance, has 
been done on basic cabling techniques. Copper weld- 
ing-cable conductors are normally made by first 
bunching a number of fine-wire strands. Several 
bunches are then cabled or twisted into a rope with 
the direction of twist being opposite to that of the 
bunches. Several ropes are then cabled or twisted 
into a conductor of the proper number of strands 
with the final direction of twist being opposite to 
that of the individual ropes. While early aluminum 
welding-cable conductors were made by the same 
method, they did not prove as satisfactory as ex- 
pected. After much experimenting and testing, it 
was found that a superior aluminum conductor 
could be made by first bunching a number of fine 
aluminum wires and then cabling or twisting con- 
centrically the proper number of bunches with the 
cable twist being in the same direction as that of the 
bunch. This produces a conductor in which all 
strands are twisted in the same direction (called 
unilay) and and in which the strands are laid essen- 
tially parallel to each other, reducing cross-overs 
and friction between strands and permitting the 
strands to move freely when the conductor is flexed 
or twisted. An additional advantage of this unilay 
conductor is a reduction in diameter because of 
fewer strand cross-overs which permits a smaller, 
lighter cable. 

More recent findings indicate that, contrary to 
popular opinion, harder aluminum strands may ex- 
tend the flex life of aluminum welding cable without 
visably affecting the feel or apparent flexibility of 
the cable. It has been popularly accepted in the wire 
and cable industry that cold-work unannealed 
metals, being harder and more brittle, have a lower 
flex life than annealed metals, and this is readily 
seen in solid wire conductors. In aluminum welding- 
cable conductors, composed of many No. 30 AWG 
strands, other, as yet unexplained factors enter the 
picture. 

In plotting a graph for temper versus flex life 
(Figure 1), it becomes apparent that for practical 
purposes the flex life of an aluminum welding cable 
composed of No. 30 AWG strands increases as the 
temper of the individual strands increases. On the 
other hand, the same size aluminum cables made of 
No. 24 AWG (0.0201 in.) strands, which are twice 
the size of No. 34 AWG strands, exhibit the charac- 
teristics normally expected when the temper of the 
conductor is varied. As is shown in Figure 2, the 
flex life of the conductors made of No. 24 AWG de- 
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Figure 1. Tensile strength vs. flex life. Aluminum welding 
cable with No. 30 AWG strands. 
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Figure 2. Tensile strength vs. flex life. Aluminum welding 
cable with No. 24 AWG strands. 


creases as the temper of the individual strands in- 
creases. The flex life of the cables with No. 24 AWG 
strands is also considerably less than those of the 
cables with No. 30 AWG strands, which is to be ex- 
pected because of the increased size and reduced 
number of strands. There is insufficient data avail- 
able at this time to attempt an explanation of the 
phenomena described, but investigation is being 
continued and there is every reason to believe that 
improved flex life and breaking strength of alum- 
inum welding cables will result. It is also interesting 
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to note that the feel or apparent flexibility of alum- 
inum welding cables is not noticeably affected by 
the use of fully hard strands. Without laboratory 
equipment, a person cannot detect the difference be- 
tween an aluminum welding cable made with fully 
hard strands and one made with semiannealed 
strands. 

Smaller strand sizes for aluminum welding-cable 
conductors are also under active investigation. Lab- 
oratory tests on experimental welding cables made 
of No. 34 AWG aluminum strands show that there 
is a considerable increase in flex life over that ob- 
tained on cables made with No. 30 AWG aluminum 
strands. There are also strong indications that, with 
the proper combination of strand temper and cabling 
techniques, a welding cable made of No. 34 AWG 
aluminum strands may equal or closely approach 
the flex life of a copper welding cable. 

The work being done to extend the flex life of 
aluminum welding cables, which has just been de- 
scribed, is part of an over-all and continuous pro- 
gram to improve the quality of aluminum cables. 
For all practical purposes, it is felt that the flex life 
that has been built into the presently available 
aluminum welding cables is entirely adequate for 
the type of service to which welding cables are 
subjected. Past experience indicates that there is 
little or no evidence of welding cables failing from 
flexing. The abuses to which welding cables are 
subjected cause the cables to fail from other reasons 
long before their flex life is noticeably affected. 
Over-heating from excessive electrical currents, 
runovers by vehicles, burns from welding splatters 
and crushing and cutting between plates, girders or 
other sharp-edged objects are the normal causes for 
failure in otherwise good welding cables. Strand 
failures adjacent to connections and electrode hold- 
ers, however, are another matter and will be dis- 
cussed later. 


CHEMICAL PROPERTIES 


The corrosion resistance of aluminum is excellent 
to nearly everything except hydrochloric, oxalic and 
hydrofluoric acids and strong alkalis. Corrosion re- 
sistance is of no great consequence in welding cable, 
however, since the cable is covered with a rubber 
or neoprene sheath and the exposed ends, at splices 
and connections, can also be covered. 

Aluminum is not affected by the sulfur in rubber 
compounds nor does it accelerate the deterioration 
of rubber insulations or jackets. Copper, on the 
other hand accelerates the oxidation and deteriora- 
tion of rubber compounds with which it comes in 
contact and reacts quite readily with sulfur, result- 
ing in a loss of flexibility and conductivity. 

In the manufacture of both copper and aluminum 
welding cables, a paper tape is normally wrapped 
around the conductor to act as a separator between 
the conductor and the insulation or jacket. The pur- 
pose of the paper separator on aluminum welding 
cables is to prevent the uncured rubber compound 
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from sinking into or penetrating the interstices be- 
tween the conductor strands previous to vulcaniza- 
tion. If such a condition occurred, the rubber com- 
pound would cement the strands together resulting 
in a loss of flexibility and flex life. While the paper 
separator performs the same duty on copper weld- 
ing cable, it also serves the additional purpose of 
preventing the bare copper strands from contacting 
the insulation and reacting in a mutual deterioration 
of both the insulation and the copper conductor. 
When the cable is put into service, if the paper is 
destroyed, as it frequently is, due to bending and 
flexing of the cable, there will be no damage to 
either an aluminum conductor or its insulation. In 
a copper welding cable however, when the paper 
tears or disintegrates in service, both the conductor 
and the insulation may begin to deteriorate. 

Aluminum oxidizes very rapidly in air, resulting 
in the formation of a thin layer of oxide on its sur- 
face. The oxide coating forms in a matter of seconds, 
which presents both advantages and disadvantages. 
The thin oxide film is very tough and is resistant to 
many materials including oxygen and water, and 
therefore prevents further oxidation and increases 
the corrosion resistance of the aluminum. The film 
is an excellent electrical insulator, however, and 
will cause poor electrical connections unless re- 
moved or destroyed at the time the connections are 
made. Fortunately, the oxide film is brittle and is 
readily destroyed by abrasion or compression. Fiber- 
glas brushes and steel brushes are excellent for re- 
moving the oxide, and high-pressure mechanical 
crimps do an excellent job of breaking up the oxide. 
Where practical, aluminum strands should always 
be brushed before applying connectors. Precautions 
must also be taken, such as the application of a seal- 
ing paste or oxide-inhibiting compound, to prevent 
the reformation of the oxide after a connection is 
made. 


TERMINATING AND CONNECTING 


In terminating or connecting aluminum welding 
cables, any of the standard methods used with cop- 
per welding cable can be used satisfactorily with 
aluminum welding cable, but it should be kept in 
mind that aluminum is a different metal than copper 
and must be handled differently. 

With soldered connections, concorrosive alumi- 
num fluxes must be used in conjunction with special 
aluminum solders. Special care must be taken to 
avoid damaging the strands when the jacket is re- 
moved from the end of the cable. The solder should 
be dipped in flux and inserted into the lug or con- 
nector, and the bottom of the solder socket should 
then be heated until the socket is about two-thirds 
full of molten solder. With the solder still molten, 
the bared conductor should be inserted slowly into 
the socket, allowing the flux to clean and tin the 
strands as they are being worked into the socket. 
With proper care, a soldered connection made in 
this manner should be electrically and mechanically 


good, and should give satisfactory trouble-free 
service. Solder connections are not recommended 
for applications where cables are normally over- 
loaded to cause temperatures approaching the soft- 
ening point of the solder. 

Mechanical joints normally fall into one of three 
categories, namely, the clamp type, the screw-cone 
pressure type and the crimped-sleeve type. Alumi- 
num welding cable can be locked in a clamp-type 
connector or holder in the same manner as copper 
welding cable; however, special care should be 
taken not to damage the strands in removing the 
jacket. Also, a good sealing paste compound should 
be used on the strands. The sealing paste com- 
pounds, of which there are many available today, 
usually consist of a petroleum grease base and may 
or may not contain a contact aid. Those containing 
a contact aid have finely powdered metallic particles 
dispersed throughout. The fine particles help to 
break the oxide film on the strands and reduce in- 
terstrand resistance when pressure is applied, and 
the grease prevents the reformation of the oxide 
and protects the joint from corrosion. 

With the screw-cone pressure-type connector, an 
excellent joint can be made by observing the pre- 
viously mentioned precautions, that is, by careful 
stripping of the jacket and by using a sealing paste 
on the conductor strands. In locking the cable into 
the connector, the rotating action of the screw-cone 
burnishes the aluminum strands and breaks up the 
oxide film, making a good low-resistance joint. The 
screw-cone connectors are available for splicing 
welding cables and also for connecting welding 
cables into electrode holders. 

Of all the popular types of welding-cable connec- 
tors now in use, the most satisfactory for aluminum 
welding cables in the crimped-sleeve type. Here 
again the jacket should be removed carefully and 
the exposed conductor strands coated with a sealing 
paste before being inserted into the sleeve. The 
high-pressure crimping action locks the conductor 
within the connector sleeve and, at the same time, 
burnishes the aluminum strands, breaking up the 
oxide film and forming an electrically and mechan- 
ically good joint. 

In addition to the familiar accessories for copper 
welding cables, which have just been discussed, 
there is an increasing number of accessories on the 
market today which are designed primarily for use 
with aluminum cables or with either aluminum or 
copper cables. Some manufacturers are now making 
electrode holders of aluminum which not only have 
the advantage of lighter weight, but which also 
make more efficient and longer lasting connections 
to aluminum welding cables. There are also lugs 
and connectors available made either of aluminum 
or an aluminum sleeve welded to a copper or brass 
body. These greatly facilitate the connecting and 
terminating of aluminum welding cables, and will 
give better performance than accessories made of 


copper. 
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Because of the difference in the rates of thermal 
expansion of copper and aluminum, an aluminum 
to copper connection may exhibit signs of thermal 
ratcheting if exposed to severe heating caused by 
high overload currents. When subjected to heat, the 
aluminum conductor expands more rapidly than the 
copper connector, causing an increase in pressure on 
the conductor. When the elastic limit of the alum- 
inum is exceeded a plastic or cold flow takes place 
in the aluminum, reducing the pressure. When 
cooled, the aluminum cross section is smaller than 
it was originally, causing a looser, higher-resistance 
connection. Repeated cycling of this nature results 
in increasing resistance and heat until the joint 
finally burns off. 

While this thermal ratcheting may take place 
when an aluminum cable is terminated in a copper- 
bodied connector that is subjected to frequent or 
periodical high, heat-producing overload currents, 
there is little difficulty observed when an alum- 
inum conductor is used of a size sufficient to carry 
the expected currents without exceeding its tem- 
perature rating. When aluminum-bodied connectors 
or terminations are used on aluminum cables, there 
is no problem of thermal ratcheting since both the 
conductor and the connector have the same rate of 
thermal expansion. It is therefore recommended 
that aluminum connectors and terminations be 
used on aluminum welding cables for best perform- 
ance, and in the case of high current and high heat 
it becomes a necessity to use aluminum fittings on 
aluminum cables. 

One of the most recent advances in the connecting 
of aluminum welding cables has been the develop- 
ment of a reusable welded joint. Welded joints in 
aluminum cable have long been known to give bet- 
ter performance than soldered or mechanical joints, 
particularly under conditions of high currents and 
high heat. In the past, however, welded joints have 
been difficult to make, requiring shielded welding 
equipment and a high degree of skill. The new joint 
can be easily made using any of the more common 
welding processes, and can be readily adapted to 
lugs and holders as well as connectors. 

The parts that make up the new joint (Figure 3) 
consist of an aluminum sleeve and a short length of 
solid aluminum rod of the same diameter with a 
cone-shaped taper on one end. In making the joint 
(Figure 4), the bared end of the aluminum welding 
cable is inserted into the sleeve, and the sleeve is 
clamped to an angle iron. The cone is inserted into 
the center of the wire, tapped firmly into the sleeve 
section and clamped in place. The joint is then 
welded by the inert-gas tungsten-arc, inert-gas 
metal-arc, oxyacetylene or shielded-arc welding 
processes, any of which will produce satisfactory 
welds. By using a pure-aluminum filler metal, the 
electrical resistance of the joint is kept to a mini- 
mum. 

To reuse the connection, it is only necessary to cut 
through the weld with a hacksaw, taking care not 
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Figure 3. Photograph of the new aluminum welding-cable 
connection showing the cone and sleeve ready for assembly. 


to cut through the cone. The joint is then easily 
separated and any conductor strands which may ad- 
here are easily removed by filing or grinding before 
reusing. 

For practical use, the cone section can be mounted 
on, or made a part of, an electrode holder, lug or 
connector (Figure 5). It is expected that joints of 
this type will be available commercially in the very 
near future.* 

Also available on the market today are devices 
designed to reduce failures caused by excessive 
bending, pulling and twisting at the electrode holder 
or at connections. Failures of this type are common 
with both aluminum and copper welding cables, and 
are not true cable-flex failures. These failures occur 
in the small section of the bare conductor between 
the end of the cable jacket and the physical connec- 
tion. While a good welding cable is designed so that 
with the jacket in place the strains of tension, twist- 
ing and flexing are more or less evenly distributed 
among the individual strands that make up the con- 
ductor, the removal of the jacket and the clamping 
of the conductor in a connector changes the bal- 
anced relationship between the strands. The con- 
nections not only must be good electrically but also 
mechanically since the cable weight is supported by 
the connection. Instead of being distributed among 
all the strands, the strains due to weight, flexing and 
twisting are frequently concentrated on only a rela- 
tively few strands in the bared portion of the con- 
ductor. When the strands exceed the endurance 
limit of the strands, they start breaking, a few at a 
time, reducing the cross-sectional area of the con- 
ductor and causing the connection to heat up. This 
is a progressive process, and as the strand breakage 
increases, the conductor becomes weaker and 
smaller in current-carrying capacity until finally 


* The joint structure and method of making same described herein 
are protected by patent rights of Kaiser Aluminum & Chemical Corp 
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the conductor breaks off completely or overheats 
and destroys the connection. 

The devices designed to alleviate this condition 
are of two general types. One type consists of a rub- 


Figure 5. Sketches illustrating use of aluminum cable con- 
nection with standard welding-cable lugs, connectors and 
electrode holders. 


Figure 4. Photographs showing the assembly sequence for the aluminum welding-cable connection. 


ber or neoprene sleeve which slides over the con- 
nection and extends over the jacketed section of the 
cable with a sung fit. The sleeve may or may not be 
molded to the jacket and the connector, although 
molding will give not only better protection to the 
strands but will also give better protection against 
moisture. In addition to giving protection to the 
connection itself, the additional thickness of rubber 
over the cable jacket adjacent to the connector stif- 
fens the cable at this point, increasing the bending 
radius and reducing the strain on the individual 
strands at the connection. 

The other type consists of a metal saddle which 
acts as a support for the bare strands. One end is 
inserted into the clamp or socket of the holder or 
connector along with the bared conductor, while the 
other end is crimped around the jacket of the cable 
adjacent to the connection. This immobilizes the sec- 
tion of cable in contact with the saddle, causing any 
bending or twisting to take place on the jacketed 
cable and relieving the strain on the individual 
strands of the short section of exposed conductor 
between the connection and the jacket. This device 
should do much to extend the mechanical life of a 
welding-cable connection. 


SUMMARY 
Aluminum welding cable offers many advantages 


to its users. A steadily increasing capacity for pro- 
ducing the base metal insures a greater availability 
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and a lower cost. The light weight of aluminum 
welding cable facilitates handling and transporting, 
and reduces abrasion and abuses of the jacket 
caused by dragging the cable. The good flexibility 
and light weight also improve efficiency and reduce 
operator fatigue. 

With proper care, aluminum welding cable can be 
connected by any of the methods which are standard 
in the welding industry today. The high-pressure 
crimped sleeve connection is considered to be the 
best available for aluminum cable; however, a new 
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welded joint connection is expected to be available 
shortly which will give superior performance. The 
use of accessories, such as lugs, connectors and elec- 
trode holders which have been designed for use with 
aluminum welding cable will do much toward im- 
proving the operation. 

Because of the consistently low price and the 
great abundance of aluminum, increasing amounts 
of aluminum welding cable are being used and all 
indications are that much larger amounts will be 
used in the future. 


TETSUO NISHIYAMA 


HYDRODYNAMICAL INVESTIGATION 
ON THE SUBMERGED HYDROFOIL 


THE AUTHOR 
studied Naval Architecture mainly at the department of Naval Architecture 
of Tokyo University in Tokyo, Japan from 1944-1947. After several post- 
graduate courses, he has become an assistant professor in the department of 
Mechanical Engineering of Tohoku University in Sendai. His work is con- 
nected with general hydromechanical problems in Naval Architecture, in 
particular with wave resistance theory and with the submerged hydrofoil. 


SYMBOLS 


T = circulation 

y = vortex distribution 

C = velocity 

f = immersion, which is a vertical distance measured 
from still water level to the middle point of 


chord length 

= chord length 

a= attack angle 
p = density 


g = acceleration due to gravity 
q = resultant velocity on the hydrofoil 
u = x-component of velocity on the hydrofoil 


INTRODUCTION 
Up to date, many theoretical treatments have 
been published of the submerged hydrofoil as a 
two dimensional hydrodynamical problem. How- 
ever in these researches some theoretical weak 
points may be found as follows: 
1. As far as the author is aware, no theoretical treatments 


have been seen of the submerged hydrofoil of arbitrary 
section. 

2. It can not be said that the boundary condition of zero 
normal velocity over the contour of the hydrofoil has been 
rigorously satisfied. 

Hence the proper circulation around the hydrofoil has not 
been obtained and, consequently, the lift and wave resist- 


ance has been calculated only in rather rough approxi- 
mate method. 


Under these circumstances he has investigated 

theoretically in detail the following items: 

Part I. A practical calculating method for obtain- 
ing hydrodynamical characteristics of the 
submerged hydrofoil of arbitrary section. 

Part II. A practical calculating method for obtain- 
ing profile form of the submerged hydro- 
foil with a prescribed pressure distribu- 
tion. 

Part III. Hydrodynamical characteristics of the 
submerged hydrofoil among stationary 
waves in relation to the problems of the 
tandem hydrofoil. 

In this paper the first item will be reported 

exclusively. 

PART I 
1. FUNDAMENTAL EXPRESSION 

Consider the two dimensional motion due to a 

submerged hydrofoil placed in a uniform stream 

including circulation [ around the hydrofoil, the 

middle point of chord length of which being at a 

depth f below the water level. Take the origin at 

the middle point of chord length, with ox horizontal 
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Figure 1. Coordinate. 


and oy vertically upward, and suppose the stream 
to be of velocity C in the negative direction of ox 
as shown in Figure 1. 


We write the complex potential of the motion as 
The condition to be satisfied at the free surface is 


After some reduction w, may be determined so as 
to satisfy the condition (2), in the form 


k+K,— 

| F(k)ei**dk— —— 
=), 

where the limiting value 0 is to be taken and the 

asterisk denotes the conjugate complex quantity. 
Hence we write down (1) in a form 


.(3) 


........... (4) 
1 1 2r 
where 


B,=— n! (k)k ektdk, 

Then, for the forces on the hydrofoil we have from 
the Blasius’ first formula 
© k+K,—i 


(k) F(k) k?e*dk—ipCr 


X—i¥=2npi | 
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To complete the solution of the problem in any 
given case, we have to determine the function 
F (k) so that the boundary condition of zero normal 
velocity is satisfied over the contour. 


Now putting the pressure and velocity on the 
contour of the hydrofoil and in the undisturbed 
stream (p, q) and (pw, C) respectively, we have 
from Bernoulli’s theorem 


p+ %pq?=p ~ +pC?............ (6) 
On the other hand, we have from (4) 


Hence, from (6) and (7) we can calculate the pres- 
sure at any point over the hydrofoil. 


2. TRANSFORMATION 


Taking ox’ along the chord length, which making 
a with ox axis, we have 


Now we transform the hydrofoil of arbitrary section 
in z’-plane into a straight line (n=0, 022-27) in 
¢-plane by the function 


- - - 


where C, is a complex constant depending on the 
form of hydrofoil. 


Further 7—> o corresponds to the point at infinity 


x 
aw, aw, | 
Re c dz? az | (2) 
dw dw* 
2— 
— 


e 
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in the z’-plane. Hence the complex potential in ¢-plane is 


r=1 


= 


where 
"By=—1C, Mar - - - 


From the condition of zero normal velocity over the contour of the hydro- 
foil, we have 


r=n r=1 r=1 


with the additive term —CIlC,e'? for n=1. 
On the other hand, from Kutta’s condition 


We have 
oo ir 
Clei? C, (n—1) n§,(—1)" 
0 2r 0 
+3 (n+r)" B,(—1)"*" +3 (n—r)'y,(—1)""=0 ..... (14) 
r=1 n=1 r=1 


Accordingly, from (12) and (14), we obtain the infinite set of linear equa- 
tions, from which the coefficient A, and B, may be determined. 


3. DETERMINATION OF COEFFICIENTS ay, b, 


In order to solve this — we put in the form 
1 


F (k) (a+ ———— (kl) (15) 
where b,-; is a complex ieee 
k=1+a, (Kgl) (16) 
where 
(16-1) 

Substituting (15) and (16) in (4), and using the following relation 

(K+K, n+1 1 


gn=r,—iS and S=27e**,! 
n! (n—1)! 1 
we obtain 
A,=—k,sin(a+f,) C(il)"* b,_, 
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r 1 
K,"[K,l) + (K,l) (Kyl) +--- +2kq,-,*] 


| 
| 
| 
| 
dw 
(Fr). ) 
| 
| 
l 
) 
| 
n \ 
) 
r 
y 
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Now we transform (12) and (14) in the form 


1 
k sin (a+ fy) 


r+1 


r=n 
—2i8,,*k—S (—i)"! "B,_,*e'™b,_,* 
r=1 


+3 
_% 
n 


r= 


(K, 1) boq,+ (K, l) +2q,- ,k] 


with the additive term —C,e‘¢ for n=1 


1 
k,sin(a+ By) 
1 


i? 
iay 
k,sin(a+f,) 


+2ik! —143n8,(—1)"} 
1 


—X(i 3(n+r) 


reiral (K,1)b,*a,*-+ - - - 


=1 
a) 
+2kq,_,*] = (n—r) 
n=0 


From the integral expression for q, given in (17), it can readily be shown 
that the infinite determinant formed by the coefficient of bo, bi, b. . . . on the 
left of (12’) is convergent. 


Although expansion in terms of other parameters may be more suitable for 
special ranges, it is convenient to assume that the coefficient b, can be ex- 


panded in power series of the quantity K,l. These expansions will be of the 
form 


by, (Kyl) +bo2 (K,l)?+ 
(Kol) +b22(Kol)?+.... 


Substituting in (12’) and (14’), and collecting the various powers of Kyl, the 
new coefficient may be found to any required stage. 
From (12’), we have 


1 


for n=1, (C,*e Cye ) isin(at Bo) 2i8,* i)? 28,*e'*b,,* = ( ) 
—2i8*a,—(—i)? 18,*e!%b,,* +2(i)? (20-1) 
—2i8,*a,— (—i)?1B,*e!*b,.* + (i)* *y,*e"** (q,b 9 +2qoa,) — (—i)? (qy*boo* +2q0*a,) 
(i) 2 -—2ia (—i 2ia 20-2 
+2{O- y3*e-7!4q,— y1e7!4q, *}= ( ) 
for n=2, —(—i)? (—i)* .... (21-0) 
—2i8,*a,— (—i)* 1B,*e'b,,* (—i)* +2(i)? (21-1) 
—2i8..*a,—(—i)? —(-i)* 2B,*e7!¢b,.* + (i)? boo +2qoa1) 
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And also, from (14’) we have 


(i) (— 18) 1B,-3 1Bo+ eee (2 2B —3 eevee (22-0) 
2i(—1—8,+28,—38,+....) (—18, +2 18,-3 
(2 7B, —3 2B, +....) —.... +2 =O... (22-1) 


2i(—1—8,+28,—38,+....) (—18,+2 18, —-31B.4+....) 
— (i)® e-?!*b,, (278, —3 'ys—----) 


From (20-0) and (21-0), it can be readily shown that the equation (22-0) is 
automatically satisfied. 


Substituting (20-1) and (21-1) in (22-1), we obtain 
Similarly, from (20-2), (21-2) and (22-2) 


a,= (i) (2qoa, +a boo) — +q,* boo) 


2 
and so on. 


Hence from (20) and (21) the coefficient b, may be readily evaluated. 
4, LIFT, WAVE RESISTANCE AND PRESSURE DISTRIBUTION 


Now putting the lift coefficient and wave resistance coefficient in the form 
respectively, 
C,=Y/'%pC?l, C,=—X/%pC?l 


we obtain from (5) 
C.=trk, ksin (a+ fy) —4rk,*sin? (a+ Bo) [4k? (K,l)r,+2k (Kyl)? (bop +boo* 
+ (K,l) 34 booboo* +2k (bio )r2+2k (bo: +bo,* 


(a+ [4k? (Kol) S+2k (Kol)? (boot boo*)S 


+ (Kol) booboo* +2k (bio +2k (boi (25) | 
From (6) and (7), the pressure on the contour of hydrofoil is 

(Ge + 


where 
1/2k,1 sin(a+8,) Leakey 
—2(K,l) kr,— (Kol)? 
—2kk, (K,l)? {r,sin(a+,) +S \—2kk, (K,l) r,sin (a+ 8,—€&) 
+8 cos(a+P—£) }+....]—kycos (a+ By—£)[2 (Ky kS+ (Kyl) 


—2kk, —Ssin(a+f,) —2kk, (Kyl)*{ r,cos (a+ B,—é) 


and Boor +ibooe 
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5. FOURIER ANALYSIS 
From (9) we have 
x’/l=(C,,cosé+C,,siné) +C,,+ (C.,cosé— C..siné) +.... (9’) 
y’/l=(C,,cosé—C,,sin€) +C,.+ 
where C,=C,,, +iC,.. 
Now, analyzing the section of hydrofoil by Fourier series, the following 
equations are obtained: | 


0 1 


Comparing (9) with (26), we have 


—C,,+C,,=—N,, C,,=—N,, C,,=—N,,. 


then, from (9’) 
x’/l—y’* +C,, 
+C,, 
Inserting (26) in (28-1), differentiating by é and putting £=0, we obtain 


oo 
C,,=0,C,.=%=nM,, C,.=M,—%=nM, 
1 1 


1 1 
hence, from (16-1) 
co foe) oo 
1 1 1 1 


6. SPECIAL CASES 


Now we consider some special cases from the practical interest. 

a. Thin hydrofoil 

Putting the coefficient N,, depending only on the thickness, zero, we can 
obtain the characteristics of the so-called thin hydrofoil having only a camber, 
from the corresponding expressions. In this place our interest in confined to 
the vortex distribution equivalent to the thin hydrofoil. 

From the definition of the vortex distribution we have 


Taking u=q into account, from (6) and (6’) we obtain 


(’sina+ | =nM, | cosa) 
(SnM,sin né)?}% 
where G=2k+2cosé i 
—2k,sin (a+ f,) [2(Kol) krycosé+ (Kyl)? (oo.1* —boo.2*S) cosé 
+2kk, +S cos(a+B, bcosé 
+2kk, (K,1)* r,sin(a+B,) +S cos(a+f,) beos2é+ 
—2k,cos(a+ [2(K,1)k S cosé+ (Kl)? cosé 
—2kk,(K,l) *{r,cos(a+f,)—S sin (a+ }cosé 
—2kk, (Kl) r,cos(a+f,)—Ssin(a+B,) beos2é+ 
b. Submerged flat plate and circular cylinder 4 
C,=C,=% otherwise C,=0 
C,=1 otherwise C,=0 
The former corresponds to the submerged plane hydrofoil) and the latter to 
the submerged circular cylinder. 
c. Characteristics in an infinite fluid 
It can be easily seen that if we take the limiting case f-«, the correspond- 
ing expressions are in good accordance with Prof. Moriya’s results‘ which is 
familiar in Aerodynamics. 
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7. EXAMPLES OF PRACTICAL APPLICATION 4 
In a practical calculation, only the following procedure is necessary. . 
1. First, the coefficient M,, N, should be determined by Fourier analysis of : 
a given hydrofoil. Hence from (28) the coefficient C, is obtained. 
2. Second, from a given speed and immersion, a value of K,f should be de- : 
termined, from which r, and S are obtained by using the following Table. 
0.06 5.5726 10.5176 88.6281 1315.4653 31407.5809 966959.7403 
0.1 5.1442 6.3456 36.3456 311.3456 9363.4566 83061.3456 2033061.3456 
0.2 4.2117 2.3595 11.1095 48.6095 314.2345 2892.3595 36081.5934 
0.4 2.8231 0.0392 2.8517 8.3204 26.8751 114.7657 645.7707 
0.6 1.8924 -0.6377 0.8900 2.7418 6.2927 9.3310 69.1135 
0.8 1.2685 -0.8307 0.1880 1.0638 2.4676 5.6719 15.1132 
1.0 0.8503 -0.8409 -0.0909 0.4091 1.0341 2.1591 4.7835 
2.0 0.1150 -0.4689 -0.1564 -0.0626 -0.0079 0.0389 0.0916 
3.0 0.0155 -0.2595 -0.0650 -0.0280 -0.0141 -0.0065 -0.0008 
40 0.0021 -0.1705 -0.0298 -0.0103 -0.0050 -0.0028 -0.0016 


Hence, from (23) a value of k is evaluated. 

3. Lastly, substituting C, and k in (24), (25) and 
(6’), the lift, wave resistance and pressure dis- 
tribution are readily calculated. 

As a numerical example, we take an NACA 4412 
section. Curves are given showing the lift coefficient 
in Figure 2 and wave resistance coefficient in Figure 
3 for K,f=3, 1, 0.4, 0.1, 0.02 and 0, and f/l=1; it is 
readily seen that the inclination of lift coefficient 
and zero-lift angle varies with Froude number, and 
wave resistance coefficient, in general, is proportion- 
al to the square of attack angle for every Froude 
number. 

Curves are given showing the pressure distribu- 
tion in Figure 4 for a=5°, f{/l=1 and K,f=3, 1 and 
0.1; in which the area of curves on the left side is 
proportional to lift and the difference of area of 
both curves, full and dotted line, on the right side, 
to wave resistance. Hence we can see that for rela- 
tively high Froude number the possibility of cavita- 
tion occurring on the back of hydrofoil is rather 
diminished. 

Now we compare with the results already pub- 
lished. First, curves are shown giving the wave 
resistance calculated by Ausman’s) and author’s‘* 
approximate method in Figure 5; from which we 
can see that the former is much larger and the lat- 
ter is a little smaller than the present exact method. 
But at small attack angle the latter seems to be 
practically satisfying. The reason for overestimation 
of Ausman’s method seems to lie in the neglect 
of variation of circulation or lift by effect of im- 
mersion. 

Curves are shown giving the lift and wave resist- 
ance in the same condition as Ausman’s experi- 


ments“) in Figure 6. And also by adjusting the cir- 
culation such that the both lift, in an infinite fluid 
experimental and theoretical, takes a same value at 
same attack angle, the lift and wave resistance is 
corrected. Both corrected curves are generally in 


20 


1 


4 L 0 L i i l L L l 
-5° 0 5° 10° 
Figure 2. Lift. (Dotted line shows the corresponding value 

in an infinite fluid) 
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Figure 3. Wave Resistance. 


good accordance with the experimental in a larger 
immersion than f/l=1.5, but in the extremely small 
immersion the difference is relatively large. This 
reason may be interpreted to lie in the occurrence 
of the hydraulic jump on the back of hydrofoil; 
hence the experimental values of lift and wave re- 
sistance are smaller and larger respectively, due to 
hydraulic loss, than the theoretical. 

Lastly curves are shown giving the vortex distri- 
bution equivalent to the flat plate for K,f=0.8, 0.4, 
0.1 and 0 in Figure 7. 


___ __ Approximate (by Qusman ) 
approximate (by author ) 
exact (by author) 


0 10° 
Figure 5. Comparison (K.f—0.10, 1/f=1.0) 
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NACA 4412 


Figure 4. Pressure Distribution. (Dotted line shows the 
corresponding value in an infinite fluid) 
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Figure 7. Vortex distribution (f/1—1.0). (Dotted line 
shows the corresponding value in an infinite fluid) 
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8. CONCLUSION 

A solution is given for the two dimensional wave 
motion due to a submerged hydrofoil in a uniform 
stream, taking fully into account the condition at 
the surface of the hydrofoil. Expressions for the lift, 
wave resistance and pressure distribution on the 
hydrofoil are obtained in the form of infinite series 
in ascending powers of a certain parameter. Nu- 
merical calculations are made from these and com- 
pared with the approximate solutions and experi- 
mental results. 
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DISCUSSION 


“Hydrodynamical Investigations on the Submerged 
Hydrofoil” 


by Tetsuo Nishiyama 


By Dr. B. Silverstein, Ship Design Division, 
Bureau of Ships 


The lift, wave-making resistance and pitching 
moment of a hydrofoil moving beneath a free sur- 
face have been explored theoretically and experi- 
mentally. None of these aspects is completely 
understood today. This paper by Professor Nishi- 


yama is one link toward the development of a 
suitable theory. 

In the future, there will be more papers on this 
subject as the complexities have attracted many 
mathematicians. In the past, Kochin, Keldysch, 


measured (by Qusman) 
_____._ calculated (corrected) 


Figure 6. Comparison (0—2/93 ft/sec/: f£—10°) 
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Lavrientiev, and others have set up and solved cer- 
tain simplified mathematical models of the hydro- 
foil problem. It is interesting to note the manner in 
which the solutions of other investigators were de- 
veloped. J. P. Breslin, in a recent paper in the 
Journal of Ship Research, utilized the hydrodynam- 
ic theory of wave-making resistance of ships, de- 
rived by T. A. Havelock. This theory was applied to 
a hydrofoil of finite span which checked with the 
definitive, earlier studies of Y. T. Wu. A. G. Strand- 
hagen and G. R. Seikel, in a recent paper on the 
lift and wave drag two-dimensional hydrofoils 
utilized the concept of a “substitutional” vortex re- 
placing the foil. A comparison of Professor Nishi- 
yama’s approach to Kochin’s might be illuminating 
insofar as it illustrates two methods of attack. 


Kochin, Kibel and Roze rigorously formulated the 
problem of steady, two-dimensional motion of a 
body near a free surface. This is readily derived 
utilizing ¢ and y, the velocity potential and stream 
function, respectively (In equation (1) of this 
paper, w=¢+iyv). On all solid, fixed boundaries, 
such as the surface of the body or hydrofoil, there 
can be no fluid flow into the body. A second condi- 
tion is that the free surface is a streamline; that is, 
a particle that is initially on the free surface stays 
at the free surface. Third, the pressure is constant 
on the free surface. The fourth condition is that far 
ahead of the hydrofoil there is no wave motion, 
though waves may exist far aft. This last boundary 
condition is based on the observed physical behavior 
of bodies, such as ships, moving on or near the 
water’s surface. It might be noted the symbol “nu” of 
Professor Nishiyama’s equations (2), (3), (5), etc., 
is employed as a mathematical artifice of satisfying 
this condition. It is often called, as utilized by Ray- 
leigh, a “fictitious viscosity.” Fictitious, because in 
all developments, after serving its purpose, » is set 
equal to zero. 


These four conditions are applied to Laplace’s 
equation, a second-order, partial differential equa- 
tion; both ¢ and y satisfy it. Laplace’s equation is 
simply a mathematical expression of the continuity 
of the fluid; no liquid is created or destroyed, ex- 
clusive of sources or sinks. 


Appropriate mathematical expressions are then 
derived by using the well-known perturbation 
method. This assumes that ¢, ¥ and the surface 
wave height, 7 can be expanded in a power series of 
a small parameter, ©, which is to be selected such 
that as e« approaches zero, the motion approaches 
pure uniform flow. After substitution into the four 
boundary conditions, mathematical expressions for 
the linearized and non-linear problems arise. One 
such expression, where »=0, is equation (2) of this 
paper. This checks the linearized free surface condi- 
tion of Kochin, Kibel and Roze. 


The simplest sort of representation of a hydrofoil 
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is a single vortex. For bodies that do not depend 
primarily on lift, such as displacement ships and 
submarines, sources and sinks are extremely useful 
as aids in the mathematical description of character- 
istics such as wave-making resistance and motions. 
But as proved so important to the rational develop- 
ment of aerodynamics, a distribution of vortices best 
simulates lifting surfaces, such as wings and propel- 
lers. For a vortex of intensity T at z=ih, the com- 
plex velocity potential is 


if 


log (z+ih)+g(z), 


w= 


where the first term of w applies to an infinite fluid 
and g(z) is a function that is to be determined so 
that w satisfies the boundary conditions at the free 
surface. After suitable manipulations, the following 
relation for the velocity potential is obtained: 


il z—ih il ciK,t 

-i 


The Blasius formulas for lift, Y, drag, X, and 
moment, L, of any body in motion in a perfect fluid 
can be readily developed. X, for example, is the sum 
of the pressure components parallel to the line of 
motion. By using Bernoulli’s theorem and the prop- 
erty that the body is impermeable, the Blasius form- 
ulas may be written in terms of the complex ve- 
locity potential as follows: 


For a single vortex, of intensity I, located at 
z=—ih, the following results are obtained: 


2gh 
T’e 


c? 


X=—p 


2 2gh 
a e Ei, (2gh), 


gh 


eu 
Where Ei,(z)=fdu— 


Tables of Ei, (z), the exponential integral, may be 
found in Jahnke and Emde. 

These formulas are the results for the simplified 
model of replacing the hydrofoil by a single vortex 
of unspecified circulation T. The proper determina- 
tion of the circulation is needed. 


1 
] 
| 
dw 
| 
dz Z . 
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Kochin attacked this particular deficiency in the 
theory by developing his famous H function. This 
has the advantage that the free surface boundary 
conditions are incorporated within the H function. 
Thus, if the hydrofoil is represented by a distribu- 
tion of vortices, one need only consider the contri- 
bution of these vortices to the velocity potential. 


where S is the area enclosed by the two-dimensional 
hydrofoil. 


The standard technique of transforming the lift- 
ing surface into a circle was not applicable. Map- 
ping functions of the hydrofoil and the free surface 
into a circle would be extremely complicated and, 
at present, have not been developed. Kochin, there- 
fore, omitted the free surface and by fairly exten- 
sive computations inverted his formula and ob- 
tained the velocity potential, w, in terms of the H 
function. In this expression, Kochin introduced the 
Kutta-Joukowsky condition; this is the assumption 
that the trailing edge of the hydrofoil is a stagna- 
tion point (zero velocity). This resulted in an 
integral equation relating H and I. Using a mapping 
function of an airfoil into a circle, H can be com- 
puted and substituted into the integral equation in 
order to derive an approximate value for T. An 
iteration procedure could be used to further refine 
the accuracy. This method works well for a flat 
plate, but is not satisfactory for general sections. 


Professor Nishiyama’s approach is similar in prin- 
ciple. The point of departure appears to be primari- 
ly in the order in which the boundary conditions 
are applied, and in the fact that equation (2), the 
differential form of the free surface condition, is 
transformed into equation (3), an integral form. 
This is substituted into the Blasius’ formulas. The 
hydrofoil is mapped into a slit and the velocity po- 
tential reformulated. The other boundary condi- 
tions are imposed, including zero normal velocity 


H(A) =$, dz 


where | is the contour of the hydrofoil. 
This results in a different representation of the 
Blasius formulas: 
x= —pK,|H(K,) 
and 


over the hydrofoil (an impermeable body), and the 
Kutta-Joukowsky condition at the trailing edge. 
Professor Nishiyama demonstrates considerable in- 
genuity in the collection and evaluation of the con- 
stants after they have been affected by each boun- 
dary condition. Perhaps a weak point in this devel- 
opment was the use of evaluation of b, in a power 
series. The usefulness of the result thus depends on 
a rapid convergence of this series, in the para- 
meters K,l. However, the final, reasonable correla- 
tion of this theory with Ausman’s experimental data 
(Figure 6) is encouraging. 

It might be pointed out that studies, such as this 
by Professor Nishiyama, serve a useful and practical 
end. The naval architect, interested in designing the 
foils of a hydrofoil craft, would not use the results 
of this paper for a design procedure. He is interested 
in cavitation effects, effect of the intersection of the 
foil with the strut, and in a finite aspect ratio foil. 
Very often, however, the results of studies of a 
mathematical model of reality shed startling light 
and insight, on physical phenomena. 

Naval engineers might well be alerted to the in- 
flux of mathematicians into the field of hydrody- 
namics. It was primarily due to the efforts of ap- 
plied mathematicians and theory-minded engineers 
that the field of aerodynamics developed so rapidly. 
Mathematical approaches to ship motion and wave- 
making resistance of ships and hydrofoils are al- 
ready paying dividends. A sound theory is an ex- 
cellent guide for conducting, analyzing, and under- 
standing experiments. 
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We are compelled with the greatest regret to 
announce the death of the following: 
Dillon, John T., Jr., Associate Member 


Durand, William Frederick, Honorary Member 
Galschiodt, Leo, Civil Member 
Shaw, Charles H., Naval Member 


OBITUARY 
Professor William Frederick Durand 


On Saturday, August 9, 1958, the Society sustained an irreparable loss in the death at 
Brooklyn, New York, hospital at the age of 99 years of one of its very oldest and most 
distinguished members, 

Doctor William Frederick Durand. 

Dr. Durand was born at Bethany, Conn., in 1859. He was graduated with honors from 
the Naval Academy in 1880 and continued in the service until September 1888. He be- 
came a member of the Society in 1891 and contributed many important articles to its 
technical marine engineering journal. In February, 1899, the Society published his most 


noteworthy paper entitled “Electric Propulsion for Destroyers" for this work he was 


awarded a gold medal and Honorary Membership which he held at the time of his death. 

On Nov. 23, 1883, he was married to Miss Charlotte Kneen. 

Following his resignation from the Navy he became Professor of Marine Engineering 
and Mechanical Engineering at A&M College of Michigan and at Stanford and Cornell 
Universities. The degree of PhD was conferred on him by Lafayette College in 1888 and 
the degree of LLD by the University of California in 1927. 

Dr. Durand held many important government and other positions notably member of 
the President's Aircraft Board, Scientific Attache to the US Embassy at Paris, France 
and the National Advisory Board for Aeronautics. 

He received the Guggenheim Metal for notable achievements in 1935 and the John 
Fritz award in the same year. 

He was the author of many books of recognized authority in the field of engineering 
and aeronautics. 

Truly his achievements and national worth will be most difficult of duplication by any 
one at any time. 
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BOOKS RECEIVED 


“Modern Computing Methods,” published in 1958 by Philosophical Library, 
Inc., 15 East 40th Street, New York 16, N. Y. Based on lectures delivered by 
various staff members of Mathematics Division, National Physical Labora- 
tory. 129 pages; $8.75 


“The Direction of Research Establishment,” published in 1957 by Philosophi- 
cal Library, Inc., 15 East 40th Street, New York 16, N. Y. The proceedings of 
a symposium at the National Physical Laboratory, 26-28 September 1956. 
$12.00 


“Ship and Boat Builder Annual Review 1958,” compiled by the editorial staff 
of “Ship and Boat Builder.” Published in 1958 by John Trundell Ltd., St. 
Richard’s House, Eversholt St., London, N.W.1, England. 394 pages; 50 shil- 
lings. 


“Castilla’s Spanish and English Technical Dictionary,” published in 1958 by 
Philosophical Library, Inc., 15 East 40th Street, New York 16, N. Y. Vol. I— 
English-Spanish, 1611 pages; Vol. II— Spanish-English, 1137 pages. $45.00 
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CHANGES IN MEMBERSHIP 


NAVAL 
Dammann, Philip Thomas, LTJG, USN 
USS Tidewater (AD 31) 
c/o Fleet P.O., New York, N.Y. 


DeWever, Camille E., LT USNR 
c/o Engineering and Loss Control Div. 
The Travellers Ins. Co. 
Pierce Bldg., 4th & Pine St., St. Louis, Mo. 


Holleman, Robert Wood, LTJG, USNR 
Field Service Engineer, Sperry Gyroscope Co. 
Mail: c/o Sperry Piedmont Co., Route 29 and 
Hydraulic Road, Charlottesville, Va. 


Lochridge, Joe Cooper, LT. USNR 
3120 Marrow Ave., Waco, Texas 


Leidner, Anthony Seligman, LTJG USNR 
612 West Arbutus St., Philadelphia 19, Pa. 


Ruch, Louis A. H., CDR USN 
RFD No. 3, Butler, N.J. 


Ruhland, Fred Lea, CAPT, USN 
4127 23d St., North, Arlington, Va. 


Schoene, George Alfred, CDR USN 
Senior Asst. for Supervisor of Shipbuilding 


New York Shipbuilding Corporation, Camden, N.J. 


Truxall, Charles Wible, Jr.. ENS, USN 
The Melville, 33 Granite St., New London, Conn. 


Winans, Lionel L., LT, USNR 
Engineer, Murreed Corp. 
Mail: 85 Highland Drive, Brownsville, Texas 


Zanzot, Raymond J., CAPT, USN 
Supervisor of Shipbuilding and N.LO., 
Camden, N.J. 


CIVIL 
Andelson, Roland P., Asst. Manager, East Coast 
Operations, Hughes Aircraft Co. 
1625 Eye St., N.W., Washington 6, D.C. 


ADDITIONS TO MEMBERSHIP 
The Society announces with pleasure that the follow- 
ing have joined its ranks since the publication of the 
May, 1958, issue of the JouRNAL: 


Athanas, Demetrius 
Field Engineer, Detroit Controls Div. of 
American Standard Military Products Div. 
Mail: 48 Spruce Lane, Attleboro, Mass. 


Begovich, Nicholas A. 
Director of Engineering, Hughes Aircraft Co. 
P.O. Box 2097, Fullerton, Calif. 


Borstelmann, Richard Joseph, Lt., USNR 
Applications Engineer-Engine-Electric Generators 
234-B Edgewater Park, New York 65, N.Y. 


Brubaker, C. Harper 
Vice President & Manager, Hughes Aircraft Co. 
P.O. Box 2097, Fullerton, Calif. 


Craver, Frederick E. 
General Manager, Knolls Atomic Power Laboratory 
General Electric Co., Schenectady, N.Y. 


Defoe, Thomas J. 
President Defoe Shipbuilding Co., Bay City, Mich. 


Gilbride, John T. 
President, Todd Shipyards Corp. 
1 Broadway, New York, N.Y. 


Hunter, Robert E. 
General Sales Manager, Detroit Diesel Div., G.M.C. 
16100 W. Outer Drive, Detroit 28, Mich. 


Keenan, George Joseph 
Marine Engineer, Bureau of Ships, Navy Dept. 
Mail: 3800 Elby Court, Silver Spring, Md. 


Larsen, Paul J. 
Manager, East Coast Operations, 
Hughes Aircraft Co. 
1625 Eye St., N.W., Washington 6, D.C. 


Meyer, Dr. Otto 
President Metallschlauchfabrik, A-G. 
Luzern, Switzerland 
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Nelles, Maurice 
Vice President, Crane Co. 
Mail: Crane Co., 836 South Michigan Ave., — 
Chicago 5, 


Nicholas, J. C. 
Engineering Technician, Bureau of Ships, 
Navy Dept. 
Mail: 3009 Webb St., Vallejo, Calif. 


Nichols, William Orville 
Asst. Chief Engineer, Bethlehem Steel Co., 
Shipbuilding Div. 
Mail: 13 Park View Drive, Hingham 7, Mass. 


Poole, George Thomas 
Chief Engineer, Lucian Q. Moffitt, Inc. 
Mail: 2431 N. Haven Blvd., Cuyahoga Falls, Ohio 
Randolph, Harrison 
Vice President, Engineering, Northern Ordnance, 
Inc. Columbia Heights Branch P.O. 
Minneapolis 21, Minn. 


Riggleman, John Randolph, Jr. 
Chief Engineer, Chance & Associates, Inc. 
Box 306, Waldorf, Md. 


Shaw, Herman H. 


Head, Marine Service Dept. Babcock & Wilcox Co. 


Mail: RD No. 4, Western Road, Weston, Conn. 


Smyth, Joseph H. 
Chief Engineer, Marine Div. Allied Design Co. 
1800 N. Charles St., Baltimore 1, Md. 


Straw, Lawrence J. 
Director Sales & Contracts, Hughes Aircraft Co. 
Fullerton, Calif. 


Vander Pyl, Chester A. 
Chief Engineer, Fram Corp., Providence 16, R.I. 


ASSOCIATE 
Burnett, Victor Rush, Jr. 
Nav. Archt., Bureau of Ships, Navy Dept. 
Mail: 1336 N. Ode St., Apr. No. 3, Arlington, Va. 


Dias, Luis Casimiro de Mesquito, LCDR Port. Navy 
Avenida D. Aeroporto 90 E/m, Lisbon, Portugal 


Farrington, Robert J. 
Manager, Govt. Accounts, Todd Shipyards Corp. 
1 Broadway, New York, N.Y. 


Freeman, Vincent DePaul 
Contracts Manager of Sales, 
Washington Aluminum Co., Inc. 
Knecht Ave. and Penna RR, Baltimore 29, Md. 


Harrington, Douglas Walter 
Sales Engineer, Washington Aluminum Co., Inc. 
Knecht Ave. and Penna. RR, Baltimore 29, M.. 
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Ivannov, Ivan Vasilevich, LCDR, USSRN 
Office of Russian Naval Attache 
2552 Belmont Road, N.W., Washington 8, D.C. 


Kellogg, George Bartlett 
Asst. Vice President, Buffalo Forge Co. 
Mail: Buffalo Forge Co., Box 985, Buffalo, N.Y. 


Lim, Chol Bong, CAPT., Korean Navy 
Planning Officer, Chinhao Naval Shipyard 
(ROK-Navy) 
Mail: No. 37 Dong Sang Dang, Chihoe City, Korea 


McGuinness, Edgar I. 
Vice President, Baldt Anchoe Chain & Forge Co. 
Mail: P.O. Box 350, Chester, Pa. 


Santarelli, Ing. Mariio 
Naval Architect & Consulting Engineer 
In Charge Marine Section, Technical Dept. 
Bowes Industrial 
Mail: Av./Coreienrwa 587, Buenos Aires, Argentina 


Shull, Horatio Sherrard, III 
Naval Architect, Bureau of Ships, Navy Dept. 
Mail: 1018 S. Quebec St., Arlington 4, Va. 


Velez, Ignacio Solis, Lieut., Columbia Navy 
Mail: Lt. Ignacio Solis, c/o A.B. Goteverken 
Goteborg, Sweden 


REJOINED 


Gerish, Walter R., Naval Member 
Stone, Eael Everett, Naval Member 


TRANSFERRED ASSOCIATE TO CIVIL 
Miller, Marvin B. 


RESIGNED 


Arnold, J. E., Civil Member 
Barraja-Frauenfelder J., Naval Member 
Cushman, C. D., Civil Member 
Glasson, T. J. E., Naval Member 
Gleason, I. W., Associate Member 
Gurnee, R. L., Naval Member 

Haven, E. G., Civil Member 

Hickey, W. A., Naval Member 
Kennedy, Wm. M., Civil Member 
Marshall, Preston, Naval Member 
Mundorff, G. T., Naval Member 

Pfeil, R. A., Naval Member 

Reed, P., Civil Member 

Ryan, A., Naval Member 

Scherman, R. E. E., Associate Member 
Smith, Gilman, Civil Member 

Wilson, H. D., Civil Member 
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ASSOCIATION NOTES 


ORIGINAL ARTICLES 


The editor of the JouRNAL is most anxious to obtain manuscripts of original 
articles on subjects of interest to naval engineers. Any manuscript accepted for 
publication becomes the property of the Society which copyrights it upon pub- 
lication. Authors are paid from $50.00 to $250.00 depending upon length, interest 
and professional value. Payment is made at time of acceptance. 


The rules for manuscripts are as simple as we can make them. 


1. They must be legible (typewritten, double-spaced preferred) since no 
a proof is submitted to authors for correction prior to printing. 


2. Single copy only is required. 


3. Mathematical formulae used must be set up, preferably by hand printing, 
so that there can be no question as to symbols, subscripts and exponents. 


4. Any drawing submitted must be black on white. A cloth or paper tracing 
is acceptable but not required. 


5. Photographs may be negatives, but glossy prints are acceptable. 

6. Include on a separate page a short biographical sketch(es) of the au- 
thor(s). 50 to 100 words for each author is desired. 

Manuscripts should be addressed to: 


Secretary-Treasurer 

American Society of Naval Engineers, Inc. 
1012 14th St., N.W. 

Washington 5, D.C. 


Each author who is subject to the Security Regulations of the Department of 
Defense, is personally responsible for the clearance of an original article before 
submitting it to the Society for consideration. In forwarding manuscripts, a 
statement in this regard should be included. 


Manuscripts accepted will not be returned unless specifically requested by 
the author. If returned, they will be in the condition which has resulted from 
the work of the printer and the engraver. Immediately following publication, 
the author is furnished 20 reprint copies of his article free of charge. Additional 
copies may be purchased from the Society if the request is received 30 days 
prior to the publication date which is the 25th of the issue month. Estimate of 
cost of additional reprints, which will vary with the nature of the article and 
the number of copies ordered, will be furnished on request as soon as possible 
after the article is set up. 


Manuscripts not accepted will be returned, postpaid, by the Society. 


Manuscripts which are accepted will be published in the earliest JouRNAL 
which has not yet been closed (60 days before publication) and for which suf- 
ficient material is not already on hand. 
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PHOTOGRAPHS 


Photographs of current or historical interest to readers of the JoURNAL are 
desired. Any which are accepted by the Society will be purchased by the Society 
at a standard price of $5.00 each. Such purchase will not include any copyright 
by the Society, but the contributor must hold the Society free from any charge 
of violation of any previous copyright. 


NOTICE OF DEATHS 


The Society has no satisfactory machinery for obtaining notice of deaths of 
members. It is particularly desired that we receive such notice upon the death 
of any past officer, past member of the Council or member of more than twenty 
years’ standing with photographs and short obituaries. It will be appreciated 
greatly if any member who learns of the death of a member will advise the 
Secretary-Treasurer. 


SOCIETY LAPEL BUTTONS 


We have a new supply of lapel buttons, in the form of the Society’s official 
seal. These may be purchased by any member for fifty cents ($0.50) each. 

By decision of the Council the official coloring of the Society seal is as it ap- 
pears on the cover of this Journal. This is a reversal of the colors on the old lapel 
buttons. The size, one-half inch in diameter, remains the same. 

Any member who wishes to exchange an old button for a new one may do so 
free of charge. Just send in the old button with your name and address, 


PERMISSION TO REPRINT 


All material published in the JourNaL, except the articles which are prefaced 
with an “Acknowledgement,” are copyrighted by the American Society of 
Naval Engineers. 

Permission is granted to reprint any copyrighted material contained herein 
if the following conditions are met: 

a) The article is reprinted in full. Extracts or summaries or condensations 
may be printed with the consent of the author. 

b) Credit is given to the JouRNAL with reference to the issue. 

c) Credit is given to the author. 

d) If the author is a military officer or a civilian employe of the Department 
of Defense, the following note shall be carried: 

“The views expressed herein are the personal opinions of the author and are 
not necessarily the official views of the Department of Defense or of a Military 
Department.” 
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APPLICATION FOR MEMBERSHIP 
IN THE AMERICAN SOCIETY OF NAVAL ENGINEERS, INC. 


(See reverse side for required qualifications for various classes of membership) 


Date 
I, ___ hereby apply for membership 
in the American Society of Naval Engineers, Inc., and enclose $10.00 as my an- 
nual membership dues for the year _____ $8.00 of which is for a subscrip- 


tion to the JouRNAL OF THE AMERICAN Society oF NAvAL ENGINEERS, INc., for | 
one year. I submit the following information: 


For Naval Membership 


(First) (Middle) 


Rank 


Business connection and position, if any 


For Civil Membership 


Name 


(First) (Middle) (Last) 
Years in engineering work 


Years in responsible charge of important work 


Present business connection and position 


Recommended by (two members) 


For Associate Membership 


Name 


(First) (Middle) (Last) 


Rank, if Commissioned Officer of U.S. Army 
or of foreign military or Naval service 


Business connection and position 


Recommended by (one member) 


Signature of Applicant 


Address for JouRNAL and Mail 


MAIL TO SECRETARY-TREASURER 
THE AMERICAN Society oF NAvAL ENGINEERS, INC. 
Suite 1004, Continental Building 
1012 14th St., N.W. Washington 5, D.C. 
Company Memberships Not Available 
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QUALIFICATION FOR MEMBERSHIP 


Commissioned and ex-commissioned officers, warrant and ex-warrant officers, 
and reserve (commissioned and warrant) officers of the Navy, Coast Guard and 
Marine Corps, of the United States, active or retired, shall be eligible as Naval 
Members. Persons eligible as Naval Members shall be admitted upon application 
and payment of annual dues. 


Persons in civil life whose knowledge of engineering is such that they can co- 
operate with Naval engineers in the promotion of professional knowledge may be 
eligible as Civil Members. They shall have been in the active practice of an engi- 
neering profession for at least eight years and in responsible charge of important 
work for five years, and shall be qualified to design as well as to direct engineering 
work. Fulfilling the duties of a professor of engineering who is in charge of a de- 
partment in a college or school of accepted standing shall be taken as an equivalent 
to an equal number of years of active practice. Graduation from a school of engi- 
neering of recognized standing shall be considered as equivalent to two years of 
active practice. Persons eligible as Civil Members may be admitted upon applica- 
tion and payment of annual dues, provided that the application is accompanied by 
the recommendation of two members and provided that the application shall receive 
the approval of a majority of the Council. 


Persons in civil life who are not eligible for civil membership, but who are espe- 
cially interested in naval matters or the merchant marine may be eligible as Asso- 
ciate Members. Commissioned officers of the United States Army, United States Air 
Force and of foreign military and naval services may be eligible as associate mem- 
bers. Persons eligible to associate membership may be admitted upon application 
and payment of annual dues, provided the application has the recommendation of a 
member and provided the application shall receive the approval of a majority of the 
Council, except that in the case of commissioned officers of the United States Army, 
of the United States Air Force, and of foreign naval and military services, the rec- 
ommendation of a member will not be required. 


Undergraduates at schools to be named by and under regulations to be issued by 
the Council shall be admitted as Junior Members at one-half the dues of regular 
members during their course and for one year following graduation, after which 
time junior membership will be terminated, the member to have the privilege of 
transferring to regular membership in the appropriate category. 


Associate and Junior Members shall be entitled to all the privileges of other mem- 
bers except voting and holding office. 


The annual dues shall be $10.00, payable on 1 January in advance, of which $8.00 
shall be for subscription to the JOURNAL of the American Society of Naval Engi- 
neers, Inc., for one year. 


COMPANY MEMBERSHIPS NOT AVAILABLE 
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Secretaries of the 
AMERICAN SOCIETY OF NAVAL ENGINEERS, INC. 


Captain J. E. Hamilton, U. S. Navy Retired, Secretary-Treasurer 
Captain Robert B. Madden, U. S. N. Assistant Secretary-Treasurer 


1889 P.A. Engineer R. S. Griffin, U. S. Navy 


1890 Assistant Engineer W. M. McFarland, U.S. Navy 


1891 Assistant Engineer Emil Theiss, U.S. Navy 
1892-93 P. A. Engineer W. M. McFarland, U. S. Navy 
1894-95 P, A. Engineer R. S. Griffin, U. S. Navy 
1896-97 P. A. Engineer F.C. Bieg, U. S. Navy 

1898 P.A.Engineer W. M. McFarland, U.S. Navy 
1899 Chief Engineer A.B. Willits, U.S. Navy 

1900 Lt.Cmdr. A. B. Willits, U.S. Navy 

1901 Lieutenant B. C. Bryan, U.S. Navy 

1902 Lieutenant C. W. Dyson, U.S. Navy 

1903. Lt. Cmdr. John R. Edwards, U.S. Navy 

1904 Lieutenant M. E. Reed,U.S. Navy 

1905 Lieutenant W. W. White, U. S. Navy 

1906 Lieutenant C. K. Mallory, U.S. Navy 
1907-08 Lt. Comdr. T. C. Fenton, U.S. Navy 

1908-10 Lieutenant H. C. Dinger, U. S. Navy 

1911 Commander U.T. Holmes, U.S. Navy 

1912 Lieutenant John Halligan, U. S. Navy 

1912 Lt. Comdr. E. L. Bennett, U. S. Navy 

1913 Lieutenant O. L. Cox, U.S. Navy 


1914 Lt. Comdr. H. C. Dinger, U. S. Navy 


Past Secretaries 


1915-16 Lieutenant A. T. Church, U.S. Navy 

1917 Comdr. J. O. Richardson, U. S. Navy 
1917-19 Lt. Comdr. F. W. Sterling, U. S. Navy 
1919-21 Commander J. S. Evans, U. S. Navy 
1921-23 Commander S. M. Robinson, U. S. Navy 
1924-25 Commander Bryson Bruce, U. S. Navy 
1926 Commander A. M. Charlton, U.S. Navy 
1927-28 Commander H. B. Hird, U. S. Navy 

1928 Captain O. L. Cox, U. S. Navy 

1929-30 Commander H. T. Smith, U.S. Navy 

1931 Captain O. L. Cox, U.S, Navy 

1932 Commander H. F. D. Davis, U.S. Navy 
1933-34 Commander H. B. Hird, U.S. Navy 
1935-36 Commander C. S. Gillette, U. S. Navy 
1936-38 Commander Roger W. Paine, U. S. Navy 
1938-40 Lt. Comdr. Guy Chadwick, U. S. Navy 
1940-44 Captain J. E. Hamilton, U.S. Navy 

1945 Commander R. T. Sutherland, Jr., U. S. Navy 


1945-48 Captain F. W. Walton, U.S. Navy 


1948-51 Captain J. E. Hamilton, U. S, Navy 


Past Assistant Secretaries 


1839-40 Lieutenant Milo B. Williams (C.C.) U. S. Navy 
1941-44 Lt. Comdr. Robert T. Sutherland, Jr., U.S. Navy 


1945 Captain F. W. Walton, U.S. Navy 


1945-47 Commander Floyd B. Schultz, U.S. Navy 
1947-49 Commander C. H. Meigs, U.S. Navy 
1949-50 Commander Frank C. Jones, U. S. Navy 


Clerk and Administrative Assistant 
1908- Mr. Arthur G. Fessenden 


*Names in italics deceased 


a 


